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General Outline 
 
The key elements of this PhD thesis are represented by three manuscripts that have been 
published and are submitted to be published in different international peer-reviewed 
scientific journals (Chapters 2; 3 and 6). As result of the interdisciplinary project C2 of 
the Research Center Ocean Margins (RCOM) and the collaboration with the 
Southampton Oceanography Centre (SOC), UK, I contributed to several manuscripts. 
Two of these manuscripts (Chapter 4 and 5) were included into this thesis as Chapter 4 
now gives an excellent overview on seafloor features along the continental margin off 
Mauritania, whereas Chapter 5 introduces the newly discovered Cap Timiris Canyon, 
subject of my own study presented in Chapter 6 and provides background information 
about sediment transport processes of this system. 
  
This thesis opens with an introduction chapter (Chapter 1), briefly reviewing the 
oceanographic setting, modern and Holocene climate conditions and sedimentary 
processes of the investigation area. Furthermore, this section contains a brief review of 
proxy approaches for a crucial distinction of terrigenous sediment sources as well as a 
description of methods that were applied to prepare samples. 
 
In Chapter 2, Holz et al. (2004) are using an end-member modelling algorithm to show 
that terrigenous grain-size distributions of seabed samples can be related to different 
transport processes and climate conditions in the hinterland. It is demonstrated that the 
present-day terrigenous sedimentation patterns off Northwest Africa can be identified. 
In particular, aeolian dust and fluvial supply can be distinguished and quantified by 
distinct grain-size distributions, which is important for subsequent palaeoclimate 
reconstructions.  
 
In Chapter 3, Holz et al. (submitted) discuss climate variability of Mediterranean 
Northwest Africa during the Holocene based on modelled end-member reconstructions. 
This study indicates millennial-scale variability in terrigenous sediment supply off 
Northwest Africa after the last deglaciation, which is related to distinct climate changes. 
Moreover, this high-resolution Holocene climate record highlights the complex and 
sensitive interactions between oceanic circulation and climate changes in the hinterland. 
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Main seafloor features along the Mauritanian continental margin as well as processes 
responsible for their formation, are discussed in Chapter 4 (extract of Wynn et al., to 
be submitted). Mapping of indications of sediment transport processes in a famous 
coastal upwelling regime and offshore one of the world’s largest hyperarid deserts 
clearly exhibits a pronounced regional differentiation of gravity-driven sediment 
transport (for instance young and older large-scale sediment transport events as well as 
long-distance channelized sediment transport).  
 
During Meteor cruise M58/1, a 400-km-long submarine meandering channel system, 
the Cap Timiris Canyon, was discovered offshore the present-day Sahara desert. 
Morphology, sedimentary processes and the evolution of the Cap Timiris Canyon are 
discussed in Chapter 5 (Krastel et al., 2004), providing some background for the 
following chapter. 
 
Chapter 6 (Holz et al., submitted) comprises the continuous turbidity current activity of 
the Cap Timiris Canyon, which is unique considering that rivers or large drainage-areas 
are at least recently absent. The authors elaborate turbidite activity within this 
submarine meandering channel system since the last deglaciation, and discuss its 
activity with regard to deglacial sea-level rise and short-term Holocene climate changes. 
 
Different channel systems along the Northwest and West African continental margin are 
introduced and compared in an additional section (Chapter 7) to emphasize the 
peculiarity of the investigated submarine channel system offshore the Sahara desert. 
 
Chapter 8 summarizes the variability in aeolian and fluvial sediment supply and 
gravity-driven sediment transport along the Northwest African continental margin with 
respect to climate changes since the last deglaciation. Furthermore, perspectives for 
presently ongoing studies as well as open questions are briefly discussed. 
 
The organisation of this thesis into a series of papers and manuscripts means that there 
will inevitably be some duplication, as each paper contains a section on investigation 
area and methods. However, references have been removed from each paper and all 
references are cited in a single reference list at the end of this thesis.  
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Abstract 
 
 This study focuses on climate induced variability in terrigenous sediment supply 
and gravity-driven sediment transport off Northwest Africa during the past thirteen 
thousand years. Sediment texture, mainly based on detailed grain-size analysis of the 
terrigenous silt fraction and modelled end members for aeolian and fluvial supply, was 
studied on seabed samples recovered from the Northwest African continental margin 
between 17° and 33°N to display the spatial distribution of present-day terrigenous 
sediment processes. This modern terrigenous sedimentation pattern provides a basic 
principle for subsequent investigations of climate variability on the Northwest African 
continent during Holocene times. Grain-size analysis and end member modelling were 
performed on the terrigenous fine fraction of a high-resolution sediment record offshore 
Morocco to display temporal variation in dominant sediment transport processes to the 
Atlantic Ocean and to obtain an overview of the evolution in continental aridity since 
the last deglaciation. Additional information on the evolution in Holocene Northwest 
African climate and its implications for sediment transport processes is obtained from a 
high-resolution record of a submarine meandering channel system, the Cap Timiris 
Canyon, offshore presently hyperarid Mauritania. The analytical concept, which is 
applied to these hemipelagic and gravity-driven deposits, combines sediment texture 
and structures, as well as geochemical (CaCO3) and radiocarbon analysis.  
 Under modern conditions terrigenous sediment supply along the Northwest 
African continental margin north of 29°-30°N is characterized by fluvial discharge to 
the Atlantic Ocean, whereas south of this region, sediments are dominantly transported 
offshore across the land-sea boundary by large dust plumes. During Holocene times, 
fluctuations in the hydrological cycle of the Northwest African continent are 
documented in marine deposits by changes in the fluvial and aeolian contribution of 
terrigenous sediment input off Morocco. Relatively humid conditions were prevalent 
during the Early to Mid Holocene, although (sub-)millennial recurring dry phases 
throughout the entire Holocene are superimposed on this humidity/aridity record. 
Further south and offshore the Sahara desert, gravity-driven sediment transport, which 
is imprinted into hemipelagic sediments of the Cap Timiris Canyon by turbidites, is also 
controlled by climate variability during the past thirteen thousand years. We distinguish 
two phases of turbidity current activity and relate them to deglacial rising sea level and 
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Holocene climate variability, respectively. A climate-related coupling to be active for 
this depositional system is inferred by a (quasi-) periodic turbidity flow pattern and by 
excluding usually resorted triggers for turbidity current activity within this submarine 
channel system.  
 The results of this PhD study confirm recent studies, which reveal that Holocene 
climate was much more unstable than commonly anticipated and indeed exhibits 
variability on centennial-to-millennial time scales. Various palaeoclimate proxy-records 
display short-term cyclicities for Holocene times, although there are discrepancies in 
their period frequency. All the more interesting is the question about the origin and a 
plausible controlling process, which is, up to now, not satisfactorily answered.  
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Zusammenfassung 
 
 Die vorliegende Studie beschäftigt sich mit klimainduzierter Variabilität des 
terrigenen Sedimenteintrags und des gravitativen Sedimenttransports vor Nordwest- 
Afrika während der letzten dreizehntausend Jahre. An marinen Oberflächensedimenten 
vom nordwest-afrikanischen Kontinentalhang zwischen 17° und 33°N wurden Unter-
suchungen zur Sedimenttextur durchgeführt, um die heutige räumliche Verbreitung des 
Terrigeneintrags zu identifizieren. Die Analysen basieren dabei im Wesentlichen auf  
detaillierte Korngrößenanalysen der terrigenen Siltfraktion und daraus ermittelten 
charakteristischen Endglied-Korngrößenverteilungen für windtransportiertes Sediment 
sowie für Flussfracht. Dieses moderne Sedimentationsmuster der Terrigenfracht bildet 
weiterhin die Grundlage für folgende Paläoklimarekonstruktionen während des 
Holozäns. Korngrößenanalysen und Endgliedberechnungen wurden ebenfalls an der 
terrigenen Feinfraktion eines hochauflösenden Sedimentkerns aus dem Einzugsgebiet 
des Atlasgebirges durchgeführt, um zeitlichen Variationen des vorherrschenden 
Sedimenteintrags vor Nordwest-Afrika (Marokko) während des Holozäns aufzuzeigen 
und die Entwicklung der Aridität des nordwest-afrikanischen Kontinents seit der 
Abschmelzphase der letzten Eiszeit zu rekonstruieren. Weitere Informationen zur 
Klimaentwicklung im Holozän Nordwest-Afrikas und der Implikationen für den 
Sedimenttransport basieren auf Untersuchungen eines hochauflösenden Sedimentkerns 
aus dem Cap Timiris Canyon, einem untermeerischen, mäandrierenden Rinnensystem 
vor der Küste des heute hyper-ariden Mauretaniens. Die Abgrenzung zwischen 
massentransportierten Sedimenten und hemipelagischen Ablagerungen basiert auf der 
Grundlage von Sedimentstrukturen. Das analytische Konzept umfasst zudem die 
Betrachtung der Sedimenttextur, die Erhebung geochemischer Parameter (CaCO3, TOC) 
sowie die Altersbestimmung der Sedimente mittels Radiocarbon-Analysen. 
 Unter den modernen Klimabedingungen ist der Terrigeneintrag in den Ozean 
entlang des nordwest-afrikanischen Kontinents nördlich von 29°-30°N im Wesentlichen 
durch Flusseintrag charakterisiert. Südlich dieses Bereiches dominiert der Windeintrag 
in Form von ausgedehnten Staubstürmen den terrigenen Sedimenteintrag über die Land-
Ozean-Grenze hinweg. Fluktuationen im Wasserkreislauf des nordwest-afrikanischen 
Kontinents während des Holozäns sind in den marinen Ablagerungen vor Marokko 
durch Änderungen im Anteil des Fluss- beziehungsweise des Windeintrags verzeichnet. 
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Während des frühen bis mittleren Holozäns herrschten relativ humide 
Klimabedingungen vor. Dieses Muster ist allerdings während des gesamten Holozäns 
von ‚Trockenzeiten’ überlagert, die in einem Rhythmus von weniger als tausend Jahren 
bzw. etwa alle tausend, tausendfünfhundert Jahre wiederkehren. Weiter südlich, vor der 
Küste Mauretaniens wird offensichtlich auch der gravitative Sedimenttransport, der in 
Form von Turbiditen den hemipelagischen Sedimenten zwischengeschaltet ist, während 
der letzten dreizehntausend Jahre vom Klima kontrolliert. Dabei werden in dieser Arbeit 
zwei Phasen von Trübestrom-Ereignissen unterschieden, wobei die erste Phase auf den 
ansteigenden Meeresspiegel während der Abschmelzphase der letzten Vereisung 
zurückzuführen ist und die zweite Phase in Verbindung mit der Klimavariabilität des 
Holozäns gebracht wird. Die Annahme einer klimabezogenen Kopplung dieses 
Ablagerungssystems beruht dabei auf der Beobachtung (quasi-) periodischer 
Trübestrom-Ereignisse. Herkömmliche Prozesse, die prinzipiell Massentransport am 
Kontinentalhang induzieren können, werden für das betrachtete System allerdings 
ausgeschlossen. 
 Die Ergebnisse der vorliegenden Studie bestätigen einige Arbeiten der letzten 
Jahre, die offenbaren, dass das Klima des Holozäns wesentlich instabiler war als man 
zuvor angenommen hatte und Variabilitäten zwischen zehn und tausend Jahren 
unterliegt. Diverse Paläoklimarekonstruktionen weisen kurzzeitige Zyklen im Holozän 
auf, wobei anzumerken ist, dass es deutliche Diskrepanzen in den angegebenen 
Frequenzen gibt. Interessant ist allerdings allemal die Frage nach der Herkunft und 
einem plausiblen Kontrollmechanismus dieser Variabilität, welche bis dato allerdings 
nicht zufriedenstellend beantwortet werden kann. 
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1.  Introduction 
 
1.1 The principle role of continental margins 
 
Continental margins are principal areas for investigation since they contain major 
energy resources, are natural palaeoclimate archives, and represent regions of natural 
geohazards. They provide main deposition areas for terrigenous sediments, since mass 
flux occurs across the land-sea boundary by rivers and winds. Terrigenous sediment 
input to the ocean is strongly connected to and controlled by climate and vegetation in 
the hinterland that affect nature, degree of weathering, and mode of supply (e.g.,  
fluvial, wind-blown or glacial; Stow et al., 1985; Weaver et al., 2000).  
In addition, continental margins often represent unusual conditions for marine 
biology. Besides delivery of terrigenous supply, eastern continental margins in the 
trade-wind zone are characterized by coastal upwelling and consequently by high 
marine production, which contributes to elevated accumulation rates. Both, marine and 
terrigenous sediments are further distributed and redistributed by ocean currents. With 
regard to transport processes, continental margins generally display a wide range of 
sediment transport systems including both along- and downslope systems (Weaver et al, 
2000; Figure 1.1). It was shown, e.g., that areas of high accumulation rates are often 
subject to large-scale gravity-driven sediment transport (e.g., Weaver et al., 2000; Wynn 
et al., 2000a). This PhD study now points out the variable and complex interaction 
between sediment transport processes in proximal marine environments like the passive 
continental margin off Northwest Africa and the adjacent hinterland climate 
(Figure 1.2). 
 
1.2 Overview of sedimentation processes, oceanography and Holocene climate 
evolution of(f) Northwest Africa 
 
Due to the coastal upwelling, the investigation area along the passive continental margin 
offshore Northwest Africa is characterized by high marine productivity resulting in 
elevated accumulation rates, even though south of 26°N there is recently little fluvial 
input (Weaver et al., 2000). Terrigenous sediment supply is mainly accomplished by  
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Figure 1.1: Sedimentation patterns along the Northwest African continental 
margin (from Weaver et al., 2000). North of 26 °N canyons and channel are 
incised in the continental shelf and slope transporting sediments into the deep-
sea. Whereas the Northwest African continental margin south of 26 °N is 
dominated by landslide processes. 
 
 
 
 
 
 
large dust plumes, originating from the hyper-arid hinterland of the Saharan and Sahel 
region (Figure 1.2). Moreover, the Northwest African continental margin is subject to 
large-scale mass movements as shown in various studies by e.g., Weaver et al. (2000) 
and Wynn et al. (2000a), although the vast Cap Timiris Canyon and its obviously 
(quasi-) periodic turbidite activity was previously unrecognised (cp. Chapter 4 to 7 of 
this thesis).  
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Figure 1.2: Potential present vegetation of Northwest Africa redrawn from Adams, 1995
(www.soton.ac.uk./~tjms/afrpres.gif) and dominant sediment transport processes off North-
west Africa. Moroccan drainage system to the Atlantic Ocean; image from the Global River
Discharge database (www.rivdis.sr.unh.edu). Satellite image of aeolian dust plume is acquired
from the sea-viewing Wide Field-of-view Sensor (SeaWiFS), NASA Goddard Space Flight
Center, and ORBIMAGE. Oceanic upwelling offshore Northwest Africa taken with the
MERIS intrument on board Envisat (image: ESA). The colours seen by MERIS indicate the
concentration of chlorophyll and therefore the distribution of phytoplankton and primary
production. Sketch of turbidity current is taken from Peakall et al. 2000b. 
 
 
1.2.1  Sedimentation processes and oceanography along the subtropical 
continental margin off Northwest Africa 
 
Margin morphology and sedimentation processes 
The continental shelf is generally 25-60 km wide, although maximum shelf widths 
between 100 and 120 km occur near stable massifs north and south of Cape Blanc 
(Seibold and Fütterer, 1982). Across the continental shelf the seabed gently slopes from 
the coast to water depths of 200-300 m. The shelf break zone with its steep continental 
slope extends over a distance of approximately 100 km (Hagen, 2001). Typical slope 
angles vary from 1° to 6° although, in some restricted areas, e.g. adjacent to the Western 
Sahara Canyon System, slope angles may reach 40° (Wynn et al., 2000a). Large 
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Figure 1.3: Potential drainage basin of the Tamanrasett River,
which is a non-discharging river system under present climate
conditions (redrawn after Vörösmarty et al., 2000). 
sections of the Northwest African slope are dissected by canyon systems and channels, 
which act as a natural drainage (see Wynn et al., Chapter 4). In addition, the Canary and 
Cape Verde Islands and numerous seamounts provide a complex submarine topography 
(e.g., Weaver et al., 2000). Regional peculiarities as the prominent Capes are as well 
projections of similar submarine morphological structures and affect local winds as well 
as coastal circulation.  
 Presently, the Sahara-Sahel area is one of the most important global source 
regions of airborne mineral dust (e.g., Harrison et al., 2001). Satellite images indicate 
that dust transport by large dust plumes play a major role in terrigenous sediment 
delivery to the Atlantic Ocean. This is supported by marine studies in the region 
downwind of the Sahara desert, which show that aeolian dust represents an important 
component in deep-sea sediments (e.g., Koopmann, 1981; Sarnthein et al., 1982). Along 
the Northwest African continental margin, fluvial supply is restricted to the Moroccan 
margin, where mainly ephemeral rivers transport sediments derived from the Atlas 
Mountains to the Atlantic Ocean. Further south, on the Western Saharan margin, the 
fluvial discharge is greatly reduced (e.g., Weaver et al., 2000; Wynn et al., 2000a). The 
only river systems that reach the ocean are seasonal, and the majority of the margin is 
not influenced by fluvial discharge at all. Along the Mauritanian continental margin, 
there is only little documented about fluvial transport. However, a potential large river 
system, the Tamanrasett River, was simulated from topographic structures by 
Vörösmarty et al. (2000), which is non-discharging under present climate conditions 
(Figure 1.3).  
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Figure 1.4: Sediment process map along the Northwest African margin
(from Wynn et al., 2000a). 
 Focusing on re-sedimentation in the sea, dominant sedimentary processes along 
the Northwest African continental margin are alongslope sediment transport by bottom 
currents, and gravity-driven processes involving mass wasting (Figures 1.1 and 1.4). 
Bottom currents often play a major role in continental margin sedimentation, and 
contourite drifts are the primary deposits of these bottom currents following the 
continental slope (Weaver et al., 2000). Gravity-driven sediment transport exists in a 
variety of forms ranging from turbulent suspensions to coherent sliding masses.  
 
 
 
 
 
 Debris flows, sediment slides, and turbidity currents are the major gravity-driven 
processes which transport significant volumes of sediment over large distances to the 
deep-sea. Debris flows and sediment slides are clearly related, with the principle 
difference being in the degree of fluidity, deformation, and clast mixing and a slide can 
be transformed into a debris flow as downslope movement leads to its progressive 
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disintegration (Masson et al., 1996). Examples for large debris flows along the 
Northwest African continental margin are the Saharan and Canary Debris Flows (e.g., 
Gee et al., 1999; Masson et al., 1992; Masson, 1996).  
 The destructive nature of turbidity currents is well-known from telegraph cable 
breaks in the Atlantic Ocean (Heezen and Ewing, 1952). Turbidity currents are usually 
funnelled downslope in canyons or channels, which can form on different scales. In 
general, such canyons are often considered as natural conduits for the transfer of 
particulate matter from the shelf to the deep-sea (Carson et al., 1986; Xu et al., 2002). 
One of the few canyons along the Northwest African margin associated with turbidity 
currents is the Agadir Canyon. Besides a major canyon system on the western Saharan 
margin at 26°N (von Rad and Wissmann, 1982), cutting back to the shelf edge, and 
incisional gullies dissecting the continental slope in this area (Rust and Wienecke, 
1973), no other major canyon or channel system has been described until recently 
(Schulz and participants, 2003, and Chapters 4 to 7 of this thesis).  
 
Oceanography, coastal upwelling and marine productivity  
The major surface current along the Northwest African continental margin is the cool, 
southwestward-flowing Canary Current, which is part of the Eastern Boundary Current 
System. A minor part of this flow continues as far as south as Cape Blanc and becomes 
further south the Guinea Current (Sarnthein et al., 1982). The low temperature of the 
Canary Current is affected by entrainment of cool coastal upwelling waters from the 
shelf on the way to the south (Mittelstaedt, 1991). This surface current is underlain by 
the Subtropical Water (SW), and the relatively nutrient poor North Atlantic Central 
Water (NACW; 100-600 m) or south of Cape Blanc by the nutrient-rich South Atlantic 
Central Water (SACW). Both subsurface water masses of the Atlantic Central Water, 
the NACW and the SACW, ascend into the surface layer along the upwelling region of 
the coast, and Cape Blanc builds the transition zone of these different upwelling water 
masses (Sarnthein et al., 1982; Mittelstaedt, 1991).  
 Coastal upwelling off Northwest Africa is controlled by the NE trade winds. Due 
to the seasonal migration of the trade winds and the Intertropical Convergence Zone 
(ITCZ), it undergoes seasonal variability on the Northwest African continental margin 
(Figure 1.5). Between 20° and 25°N, the regional trade winds are strong and persistent 
throughout the year, leading to continuous coastal upwelling and high primary 
productivity with its maximal intensity during spring and autumn, when the NE trade 
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Figure 1.5: Boreal summer and winter pattern of atmospheric circulation over Africa
and the position of the Intertropical Convergence Zone (ITCZ), indicated by the dotted
line (from Nicholson, 1996). Dashed line shows other convergence zone. 
winds reach their peak velocity (Mittelstaedt, 1991; Van Camp et al, 1991). South of 
20°N, upwelling occurs during the winter and spring, while north of 25°N coastal 
upwelling generally occurs during summer and early autumn.  
 
 
 
 
 
 The principle differences in nutrient content of the NACW and the SACW, 
feeding the upwelling system, are most likely the reason for corresponding regional 
differences in primary production (Fütterer, 1983). Coastal upwelling and the associated 
high productivity off Northwest Africa is generally concentrated along the outer shelf 
and shelf edge in a band of about 50 km width, although filaments of cold upwelling 
waters occasionally reach several hundreds kilometres offshore (Van Camp et al., 1991; 
Hagen et al., 1996). But, high concentrations of organic-rich sediments are only 
observed locally in narrow belts parallel to the Northwest African continental margin 
(i.e., the shelf area off Cape Blanc, which is after Fütterer (1983) the most productive 
upwelling area). Summerhayes (1983) describes the almost total lack of organically 
enriched sediments off Northwest African as one of its surprising features. Most of the 
Saharan shelf is covered with carbonate sand, and muddy sediments with less than 75% 
carbonate content only occur in patches on the innermost shelf as well as at depths 
greater than about 500 m on the continental slope (Summerhayes, 1983). Possible 
reasons for the generally little accumulation of organic matter on the shelf and upper 
slope are suggested to be related to redistribution by bottom current activity, turbulences 
and a recycling in the water column (Summerhayes, 1983). Evidence for sediment 
redistribution is for instance given by Bein and Fütterer (1977) as they describe cyclonic 
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eddies to be located southwest of Cape Blanc due to the meeting between the Canary 
Current and its counter-current. The deeper water masses are less well documented, but 
are thought to be fairly weak (< 5 cm sec-1) at present, whereas in areas where currents 
are focussed by morphology or due to additional tidal components, velocities may 
increase to 20 cm sec-1 (Lonsdale, 1982; Sarnthein et al., 1982). These deeper water 
masses are characterized by the southward-flowing carbonate-saturated North Atlantic 
Deep Water (NADW), extending down to about 3500-4000 m water depth, and the 
underlying northward-flowing carbonate-corrosive Antarctic Bottom Water (AABW) 
(Sarnthein et al., 1982).  
 
1.2.2  Modern and Holocene Northwest African climate 
 
African climate exhibits a broad zonal pattern with varying seasonal distribution of 
atmospheric circulation and precipitation (see Figures 1.2 and 1.5). The Saharan Air 
Layer (SAL) and the underlying shallow NE trade winds are the prevailing wind 
systems of Northwest Africa. A particular expression of the NE trade winds is the dust-
loaded Harmattan, which is one of the best studied wind systems in the world (e.g., 
McTainsh, 1980; Koopmann, 1981; Wilke et al., 1984). The NE trade winds blow 
almost parallel to the coast, thus controlling besides surface water dynamics and the 
above mentioned upwelling of cold, nutrient-rich subsurface waters, also the dust export 
across the land-sea boundary. Therefore, by seasonal variations of the trade winds, the 
centre of transatlantic aeolian dust transport migrates seasonally as well. 
 Present-day climate conditions of Northwest Africa exhibit different climate 
regimes, e.g. the Mediterranean climate and the subtropical Northwest African 
monsoonal climate belt, which are separated by the Saharan desert (Nicholson, 2000). 
The northern, temperate continent is dry during summers and receives most of its 
precipitation during winter from westerly cyclonic disturbances. However, in the 
Saharan and Sahel regions, summer monsoonal rains play a major role in subtropical 
African climate as a result of the cyclonic inflow of moisture-laden air from the adjacent 
eastern equatorial Atlantic. A recent study by Kuhlmann et al. (2004) suggests that the 
transition between the influences of the North Atlantic climate system and the West-
African monsoonal climate system was located between 27° and 30°N during the 
Holocene. Climate records of the monsoon-influenced region show a completely 
different pattern to those of the Mediterranean climate belt (e.g., Kuhlmann et al., 
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2004). At the present time, this is reflected by different vegetation zones and the 
draining of the Atlas-Mountain hinterland by permanent and ephemeral rivers. 
Moreover, marine surface samples offshore Northwest Africa indicate different 
terrigenous sediment supply along the continental margin reflecting these two climate 
systems (Holz et al., 2004, Chapter 2).  
 For a long time, Holocene climate was considered as a rather stable period in earth 
history. However, many marine and ice core proxy records provide evidence that  
Holocene climate was much more unstable than commonly anticipated and indeed 
exhibits variability on (sub-)millennial time scales (e.g., Bianchi and McCave, 1999; 
Bond et al., 2001; deMenocal et al., 2000b; Stuiver et al., 1995; Schulz and Paul, 2002). 
The most prominent Holocene climatic event, which affects regions well beyond the 
North Atlantic basin, is the 8.2 kyr event. This event is associated with cooler and drier 
conditions in subtropical West Africa (Gasse and Van Campo, 1994) and interrupts the 
humid Early to Mid Holocene conditions. Palaeoclimate studies and atmosphere-ocean-
vegetation models document abrupt changes in Holocene climate and indicate a green 
savannah vegetation of the present-day hyper-arid Sahara desert region during Holocene 
times (e.g., deMenocal, 2000a,b; Claussen et al., 1999). During this time interval, 
tropical and subtropical Africa experienced rapid hydrological fluctuations and was 
characterized by numerous small and large lakes (Gasse, 2000). Ritchie et al. (1985) 
and Roberts (1998) stated, that the Holocene African Humid Period extended from 
approximately 9 to 6 kyr BP. More recently, deMenocal et al. (2000a) placed the onset 
of humid conditions for Northwest Africa at approximately 14.5 kyr BP by studying the 
terrigenous fraction of marine sediments offshore Mauritania, which was interpreted as 
purely aeolian dust supply. During this relatively wet time interval until 5.5 kyr BP, 
wind-blown terrigenous supply was reduced by 47% offshore West Africa compared to 
modern conditions (deMenocal et al., 2000b), solely due to an overall wider extension 
of vegetation cover in the area. For present-day conditions as well as during Holocene 
times, no evidence exists for permanent large rivers draining to the eastern Atlantic 
Ocean along the Mauritanian coast. However, at some day in the past, this region might 
have drained to the sea through the postulated Tamaransett River system (Figure 1.3). 
Potential existence of a palaeo-river system draining the Mauritanian hinterland can also 
be assumed from morphological structures from satellite images. 
 In summary, indications for Holocene climate variability from records of the 
North Atlantic realm (e.g., Bianchi and McCave, 1999; Bond et al., 1997; 2001, 
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O’Brien et al., 1995; Poore et al., 2004; Risebrobakken et al., 2004) clearly demonstrate 
the complexity of earth’s climate during this geological relatively short time interval. 
All these studies show climate variability at (sub-)millennial timescales during the 
Holocene, although recurrence times, suggested between approximately 300 and 2600 
years, vary widely. Nevertheless, they seem to be clustered around 400-500 years and 
900-1100 years (Schulz et al., 2004). However, Schulz et al. (2004) also admit that 
neither the frequency of Holocene climate oscillations can be assumed to be stable nor 
that the oscillations are present throughout the entire Holocene. Many studies 
concentrated on this topic recently, but there are still many unanswered questions on 
Holocene climate variability at centennial-to-millennial timescales and their forcing or 
amplifying mechanisms.  
 
1.3 Methodological approach and analytical concept 
 
1.3.1  Sedimentological techniques and a brief review of proxy approaches  
 
Grain size as a proxy in sedimentological approaches  
One of the problems of palaeoclimate reconstructions from the terrigenous fraction of 
marine sediments stems from the fact that most of these sediments are mixtures of 
sediment populations derived from different sources and transported to the site of 
deposition by different mechanisms (Weltje and Prins, 2003). In terms of grain sizes of 
sediments supplied from the continent and deposited offshore, terrigenous grain-size 
distributions represent a mixture of wind-blown dust particles and fluvial discharged 
mud and therefore often show a bi- or even polymodal grain-size distribution pattern. 
These polymodal patterns often prevent any reliable interpretation of grain-size moment 
statistics in terms of sediment transport mechanisms or sediment origin.  
 One of the advances to differentiate various sources of fine sediments was 
introduced by Fütterer (1977; 1980). Based on scanning electron microscope (SEM) 
analysis, he distinguished two groups of sediment components, autochthonous and 
allochthonous. However, this procedure is problematic since a distinction between 
different transport mechanisms of the allochthonous silt fraction, which contains mainly 
siliciclastic particles, is not always obvious based on visual techniques (Fütterer, 1980).  
 At the same time, another approach to distinguish different terrigenous sediment 
sources of marine deposits was successfully defined and employed by Koopmann 
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(1979; 1981). With the purpose to estimate the contribution of wind-blown particles and 
fluvial discharge from the terrigenous fraction of marine sediments, he applied a simple 
empirical relationship between the percentage of the terrigenous fine fraction (> 6 µm) 
and the modal grain size of terrigenous silt (> 6 µm). A correlation of these parameters 
for seabed samples off Northwest Africa resulted in three grain-size populations, which 
were interpreted as (i) distal samples, (ii) hemipelagic samples with an excess in clay 
fraction, and (iii) samples which show a relative deficit of fine particles. As defined by 
Koopmann (1981), the excess in clay fraction is characteristic of fluvial sediment 
supply and its redistribution by ocean currents. So far, this approach, also known as 
‘Koopmann-Index’, presents the only semi-quantitative, hence crucial measure for 
separating wind-blown dust from fluvial discharge in hemipelagic sediments and is 
approved in various studies (e.g., Stein, 1985b; Wang et al., 1999).  
 Later, this approach was modified by Sarnthein et al. (1981) and Stein (1985b). 
They applied a factor analysis to the same data set of seabed samples and to downcore 
records off Northwest Africa, respectively. Resulting grain-size assemblages, so-called 
factors, were interpreted to represent major sediment sources of the investigation area, 
for instance, the load from the Harmattan and trade winds, and the rivers. 
 Another advance in paleoceanographic reconstructions was based on terri-
genous grain size analysis of the silt fraction as well. E.g., McCave et al. (1995) 
revealed that silt coarser than 10 µm generally displays size sorting in response to 
hydrodynamic processes and that its properties provide a sensitive tool for the inference 
of (palaeo-)current intensity. 
 A major problem with some of the approaches mentioned above, for instance the 
factor analysis, is, that the results may be difficult to interpret because they cannot be 
expressed in physical terms, and that the methods were not designed to deal with 
compositions (see Weltje and Prins, 2003). Thus, a relatively new approach, the end-
member modelling, was suggested by Weltje (1997). The end-member modelling is 
based on a mathematical-statistical algorithm, which attempts to explain observed 
variations in natural sediments as a result of mixing and represents a conceptual model 
for unravelling measured, polymodal grain-size distributions into subpopulations 
(Weltje, 1997). The mixing model is subject to strict non-negativity and constant-sum 
of constraints on end member compositions and mixing coefficients to ensure physical 
interpretability of the model parameters. Several assumptions are made to derive a 
mixing model from a series of compositions. One assumption is that end members have 
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to be independent and none of them can be expressed as a mixture of the other end 
members, which is required to estimate their number independently of their 
compositions.  
 Various studies using the end-member modelling compared grain-size 
distributions of calculated end members to those of samples of known origin to infer 
their genetic significance. Thus, for a selection of genetically distinct sediment types 
and their production and dispersal mechanism, end members are verified, e.g., for ice-
rafted detritus (Prins et al., 2001; 2002), fluvial mud (Prins et al., 2000), and aeolianites 
(e.g., Stuut et al., 2002; Moreno et al., 2002). Recently, end-member modelling was 
applied in several different environments to differentiate besides wind-blown and fluvial 
sediment supply for instance turbidites and contourites or winnowing, dispersal and re-
distribution by currents (e.g., Prins et al., 2000; Frenz et al., 2003). 
 For a representative interpretation of observed terrigenous grain-size distributions 
with regard to dominant transport mechanisms offshore Northwest Africa and 
subsequent palaeoclimate reconstructions, the end-member modelling algorithm 
appeared to be a suitable application as well. In this thesis, end members were 
successfully calculated from measured terrigenous grain-size distributions for seabed 
samples of the subtropical North Atlantic as well as for the terrigenous fraction of 
sediment core GeoB 6007 (Figure 1.6a).  
 
Sediment structures 
The sediments along the continental margin off Mauritania, which were recovered from 
the Cap Timiris Canyon and the Mauritania Slide Complex during M58/1, consist of 
autochthonous hemipelagic deposits, which are intercalated by gravity-driven 
sediments. Mostly, debrite and turbidite sequences were quite obvious by visual 
examination of the sediment cores. However, internal sediment structures, especially in 
the finer turbidites, as well as fine lamination or cross stratification could often not be 
identified visually. A clear distinction between hemipelagic and gravity-driven 
sediments is very important for the interpretation of sedimentological and geochemical 
data as well as for the stratigraphy of ‘disturbed’ sediment sequences. Therefore, in 
order to enable better differentiation between hemipelagic deposits and gravity 
transported sediments, x-ray radiographies were made of one centimetre thick sediment 
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slices with ten by twenty-five centimetres in dimension (see Figure 1.7). Internal 
sediment structures gained from the x-rays indicate hemipelagic sediment sequences, 
often with bioturbation, as well as different types of mostly incomplete turbidite 
sequences (Figure 1.8). 
 
Figure 1.6: (A) Map with all sample locations of this
study. Filled circles show the location of studied
surface samples along the Northwest African
continental margin, while the stars display the location
of the investigated marine sediment cores GeoB 6007
offshore Morocco, GeoB 8502, GeoB 8507 and GeoB
8509 offshore Cap Timiris. The box shows the location
detailed  map. Data of  sediment cores  GeoB 8502  and 
GeoB 8507 were collected late in the course of this PhD study, thus manuscripts are not
included to this thesis, but are in preparation. (B) Bathymetric map of the Cap Timiris Canyon
offshore Mauritania and sediment core locations. (C) illustrates a seismic profile of the Cap
Timiris Canyon showing the core location GeoB 8509 at the canyon thalweg but possibly the
core was recovered from the lowest terrace. 
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Texture and silt grain-size analysis 
For a detailed grain-size analysis on the terrigenous silt fraction, the subsequent 
analytical procedure was accomplished (see Figure 1.7). All samples of this study were 
freeze-dried, and after removing the organic matter through oxidation with 10 % H2O2 
(hydrogen-peroxide), sand (> 63 µm) and fine fraction (< 63 µm) were separated by 
wet-sieving. The sand fraction was dried and its weight percentages were determined. 
Clay particles (< 2 µm) were extracted from the silt fraction (63-2 µm) by a repeated 
(10 to 35 times) settling procedure based on Stokes’ law using Atterberg settling tubes. 
Sodium carbonate (0.25 g/l) was used to prevent coagulation within the settling tubes. 
Before the clay fraction was dried and weighted, magnesium chloride solution (MgCl2), 
which had been added to the extracted clay fraction to accelerate aggregation of 
particles and therefore settling procedure, was removed by centrifuging. (Using the 
whole carbonate-free fine fraction (< 63 µm) of sediment core GeoB 6007 for grain-size 
analysis and end-member modelling, the described separation of silt and clay fraction 
was not applied to samples of this record.)  
 A detailed grain-size analysis of the silt fraction (fine fraction of sediment core 
GeoB 6007) was carried out using a Micromeritics SediGraph 5100. This fine-particle 
size analyser determines particle sizes in the range of 0.1-300 µm (Coakley and 
Syvitski, 1991) and is a robust device for fine sediments (< 63 µm). It determines 
particle concentration in suspension by attenuation of a collimated x-ray beam. Since 
particles are assumed to settle in the sedimentation cell in accordance to Stokes’ Law, x-
ray intensity increases by decreasing particle concentration due to settling. Further 
details on principles of the SediGraph technique are given, e.g., by Coakley and 
Syvitski (1991) and Stein (1985a). In a first approach, the grain size of each bulk silt 
sample was measured for grain sizes between ~ 2 and 62.5 µm (8.9 - 4 phi), whereas 
grain-size distributions of core GeoB 6007 were measured between ~ 0.7 and 62.5 µm 
(10.5 - 4 phi). For sample dispersion and analysis, a 0.1 % sodium polyphosphate 
(calgon) solution was used for disaggregating. For determination of the carbonate-free 
silt grain-size distribution, samples were recovered, dried, and weighted. Then, the 
carbonate of the silt fraction was dissolved with 1 N HCl (hydrochloric acid) and 
washed repeatedly until the pH was neutral. Drying and weighting of the samples after 
carbonate dissolution deliver the carbonate content of these samples. Afterwards, the 
grain-size distribution of the carbonate-free silt fraction was analysed according to the 
analysis of the bulk silt fraction. 
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Figure 1.8: X-ray radiographies (negativ; left) and their line draw-
ings (right) illustrating different sediment deposits and transport
processes. (A) shows an incomplete Turbidite sequence or so called
base cut-out sequence (Bouma, 1962), (B) very fine grained,
laminated mud turbidites with a layer of foraminifera at the base
and (C) bioturbated hemipelagic sediments.  
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1.3.2  Chronostratigraphic framework 
 
Age control for sediment core GeoB 6007 (see Figure 1.6a for core position) is provided 
with thirteen accelerator mass spectrometry (AMS) radiocarbon dates for the last 9 kyr 
BP (Kuhlmann et al., 2004), and six additional AMS radiocarbon dates for the lower 
part of the record (from 9 to 13.5 kyr BP, Kim et al., submitted). In addition, the age 
model of sediment core GeoB 8509 (Figure 1.6b) is based (until today) on nine AMS 
radiocarbon datings of monospecific samples of the planktonic foraminifer 
Globigerinoides ruber. Due to upwelling of older subsurface waters offshore Northwest 
Africa, a conservative reservoir age of 500 ± 50 yr is assumed. Corrected radiocarbon 
ages are calibrated using CALIB 4.4.2 (Stuiver and Reimer, 1993). Calibrated ages were 
rounded to the nearest decade (Stuiver and Reimer, 1993). Between the calibrated 
rounded ages the age model was obtained by linear interpolation. All radiocarbon 
datings were performed at the Leibniz Labor, Kiel University.  
 
1.4  Objective of this study 
 
Based on grain-size distributions of terrigenous silt and fine fraction, this study 
indicates variability in terrigenous sediment supply and its spatial and temporal 
distribution off Northwest Africa during the Holocene. Modelled end-member grain-
size spectra enabled us to differentiate between wind-blown and fluvial transported 
sediments within the terrigenous fraction. Moreover, gravity-driven downslope 
sediment transport was investigated offshore one of the world’s largest deserts. Apart 
from a detailed mapping for indications of these mass transport processes, the main 
objective of this study was the relationship between downslope transport offshore this 
hyper-arid region, which is also characterized by oceanic upwelling and high marine 
productivity, and Quaternary climate changes. An important question in this context is 
to establish whether and how different types of gravity-driven flows and their frequency 
may be related to sea-level fluctuations. None of us anticipated to recover a high-
resolution Holocene sediment record from a previously unrecognised channel system. 
However, this record opens new perspectives in paleoceanographic research and 
contains very interesting aspects on Holocene climate variability of Northwest Africa, 
which became an unexpected, but highly welcome objective late in the course of this 
study.  
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2.1  Abstract 
 
The terrigenous fraction of seabed sediments recovered along the Northwest African 
continental margin illustrates spatial variability in grain size attributed to different 
transport mechanisms. Three subpopulations are determined from the grain-size 
analyses (n = 78) of the carbonate-free silt fraction applying an end-member modelling 
algorithm (G. J. Weltje, 1997, J. Math. Geol., 29, 503-549). The two coarsest end-
members are interpreted as representing aeolian dust, and the fine-grained end-member 
is related to fluvial supply. The end-member model thus allows aeolian fallout to be 
distinguished from fluvial-sourced mud in this area. The relative contributions of the 
end-members show distinct regional variations that can be related to different transport 
processes and pathways. Understanding present-day sediment dispersal and mixing is 
important for a better understanding of older sedimentary records and palaeoclimate 
reconstructions in the region. 
 
Keywords: Aeolian dust, Canary Islands, carbonate-free silt, deep-sea sediments, end-
member modelling, grain size, Sahara. 
 
2.2 Introduction 
 
Satellite images of large dust clouds over the North Atlantic Ocean (Figure 2.1) indicate 
that the area off NW Africa occupies a key position with respect to the aeolian dust 
contribution from Saharan and Sahelian latitudes. At present, the Sahara-Sahel area is 
one of the most important global source regions of airborne mineral dust (Bergametti, 
1992; Harrison et al., 2001; Middleton et al., 1986). The Sahara produces more aeolian 
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Figure 2.1. Satellite image of a dust storm off
Northwest Africa, acquired in winter by the sea-
viewing Wide Field-of-view Sensor (SeaWiFS),
NASA Goddard Space Flight Center, and
ORBIMAGE. Arrows mark the present-day
relevant wind systems: the Saharan Air Layer
(SAL) and the NE trade winds. 
dust than any other world desert, and 
this dust has an important impact on 
climatic processes, nutrient cycles, soil 
formation and sediment cycles 
(Goudie and Middleton, 2001). 
D’Almeida (1989) estimated the 
amount of Saharan dust at 0.6-0.7 Pg  
(= 1015) year –1, of which about one-
third is deposited in the North Atlantic 
Ocean (Duce et al., 1991). The 
particle-size distribution of the 
transported dust depends, amongst 
other things, on the transport distance. 
Proximal aeolian dust particles may be 
up to 50 µm in diameter (D’Almeida and Schütz, 1983; Duce, 1995; Pye, 1987). 
Harmattan dust at Kano (Nigeria) can have a median diameter up to 74 µm (McTainsh 
and Walker, 1982), while samples taken over Sal Island (Cape Verde Islands) off West 
Africa yielded individual quartz grains up to 90 µm in diameter (Glaccum and Prospero, 
1980). Conversely, aerosols reaching the Caribbean (Goudie and Middleton, 2001) may 
be less than 5 µm in size (Talbot et al., 1986). However, the mean modal and median 
sizes of the transported aeolian dust was shown to be fine silt between 5 and 30 µm in 
diameter (Goudie and Middleton, 2001), and many soils in desert marginal areas appear 
to contain significant quantities of silt (McTainsh, 1987). As previous marine studies in 
regions downwind of major deserts have shown, mineral dust is a major component not 
only of the atmosphere but also of deep-sea sediments (Koopmann, 1981; Moreno et al., 
2002; Sarnthein et al., 1982; Stuut et al., 2002). However, terrigenous sedimentation 
along continental margins is also influenced by river discharge and hemipelagic settling 
(Koopmann, 1981; Sarnthein et al., 1982; Sirocko et al., 1991). To distinguish between 
different transport mechanisms for terrigenous sediments, a numerical-statistical 
algorithm (Weltje, 1997) was applied to the carbonate-free grain-size distributions of 
the silt fraction of seabed samples offshore Northwest Africa. The end-member 
algorithm attempts to explain observed variations in natural sediments as a result of 
mixing and has been successfully used to ‘unmix’ sediments produced by linear mixing 
(Arz et al., 2003; Frenz et al., 2003; Moreno et al., 2002; Prins et al., 2002; 2000; Prins 
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and Weltje, 1999; Stuut et al., 2002). The purpose of the present study is: (1) to describe 
the spatial variability in grain size of seabed samples along the continental slope 
adjacent to a major desert with emphasis on the carbonate-free silt fraction; and (2) to 
deduce transport pathways and mechanisms of land-derived sediments using the end-
member modelling approach. 
 
2.3 Investigation Area 
 
The investigated area along the continental margin of Northwest Africa extends from 
the Moroccan coast at about 33°N to the Mauritanian coast off Nouakchott at about 
17°N ( 2.2). The continental shelf is generally narrow, between 40 and 60 km wide 
(Wynn et al., 2000a), although maximum shelf widths between 100 to 120 km occur 
near stable massifs north and south of Cape Blanc (Seibold and Fütterer, 1982). Slope 
angles generally vary from 1 to 6° although, in some restricted areas, e.g. adjacent to the 
Western Sahara Canyon System, slope angles may reach 40° (Wynn et al., 2000a). 
Seismic studies illustrate that large sections of the Northwest African slope are 
dissected by canyon systems and channels. In addition, numerous volcanic islands 
provide a complex submarine topography (Masson et al., 2002; Weaver et al., 2000; 
Wynn et al., 2000a; 2000b).  
 The major surface current in this area is the Canary Current (Mittelstaedt, 1991), 
which is part of the Eastern Boundary Current System and is characterised by south-
westward flow. Deep-water bottom currents on the Northwest African margin are 
represented by south-flowing carbonate-saturated North Atlantic Deep Water (NADW) 
(at a depth of 2000-3800 m) and, below this, the north-flowing, carbonate-corrosive 
Antarctic Bottom Water (AABW). Bottom current velocities are thought to be fairly 
weak (< 5 cm sec-1) at present, whereas in areas where currents are focussed by 
morphology or in areas with additional tidal components, velocities may increase to 
20 cm sec-1 (Lonsdale, 1982; Sarnthein et al., 1982). 
 Lying adjacent to and downwind of the Sahara desert, the investigated area is 
directly connected to a large source of aeolian dust, and it lies beneath the prevailing 
dust-loaded wind trajectories. The most relevant wind systems are the Saharan Air 
Layer (SAL) and the NE trade winds, the latter causing coastal upwelling off 
NW Africa. Owing to the meridional displacement of the Azores high-pressure system, 
the trade-wind belt and the Intertropical Convergence Zone (ITCZ) show a seasonal 
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Figure 2.2. Map of the NW
African continental margin
showing seabed sample
locations and the general
pattern of surface currents.
Map is generated with GMT
(Wessel and Smith, 1991)
using altimetry and ship depth
sounding data from Smith and
Sandwell (1997). 
variability, and therefore the centre of transatlantic aeolian dust transport migrates 
seasonally. During the summer, the high-pressure system is situated in a northerly 
position with major trade wind activity between 32° and 20°N. Conversely, during 
winter, the subtropical high-pressure centre shifts to the south and trade winds blow 
most intensely between 25° and 10°N. Thus, between 20° and 25°N, trade winds and 
coastal upwelling are important throughout the year. The source regions for the SAL are 
the southern Sahara and the adjacent Sahel zone (Koopmann, 1981; Sarnthein et al., 
1982). This dust is transported westward. The SAL is divided into a northern branch, 
which disperses aeolian sediment over the Northeast Atlantic Ocean and the Canary 
Islands, and a western branch that transports the aerosols far offshore (Figure 2.1). 
Small particles may eventually reach the Caribbean and the SE United States (Prospero 
and Carlson, 1972). 
  
 
 
 
 
 
 
 
 
 
 
 There is another major source of terrigenous sediments apart from aeolian dust; 
in the northern part of the study area, a number of seasonal rivers transport sediment 
derived from the Atlas Mountain hinterland to the continental shelf (Wynn et al., 
2000a). The total sediment discharge of Northwest African rivers is estimated to be 
110 million tons year-1 (Hillier, 1995; Milliman and Meade, 1983). Today, the major 
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proportion of these fluvial sediments is deposited on the continental shelf. However, 
numerous canyons, dissecting the shelf break, provide conduits through which the 
material may be bypassed to the Seine Abyssal Plain and the Agadir Basin and Madeira 
Plain (Weaver et al., 2000; Wynn et al, 2000a). The canyon systems in the northern part 
of the Northwest African continent have been shown still to be influenced by fluvial 
drainage (Ercilla et al., 1998; Wynn et al., 2000a), whereas further to the South, on the 
Western Saharan margin between 17° and 28°N, fluvial supply is significantly reduced 
compared with the area North of 29°N (Wynn et al., 2000a). Here, rivers reach the 
Atlantic Ocean only seasonally and, along the majority of the margin, there is no 
significant fluvial input at all (Wynn et al., 2000a). 
 
2.4 Materials and Methods 
 
A total of 96 marine seabed samples (taken with a multicorer and a giant boxcorer 
within a depth range of 100-4200 m) were recovered in the Canary Island region 
between the years 1996 and 1999 during several cruises of the RV Meteor, RV Poseidon 
and RV Victor Hensen (Figure 2.2). These samples from the uppermost centimetre of 
the seafloor were freeze-dried and, after removing the organic matter through oxidation 
with 10 % H2O2, the fine fraction (< 63 µm) was separated by wet-sieving. The silt 
fraction (2-63 µm) was extracted from clay particles by a repeated settling procedure 
based on Stokes’ law using Atterberg settling tubes. The relative proportions of the 
sand, silt and clay fractions were determined. In a first approach, the grain size of each 
bulk silt sample was measured using a Micromeritics SediGraph 5100. This fine-
particle size analyser determines particle sizes in the range of 0.1-300 µm (Coakley and 
Syvitski, 1991) and is a robust device for fine sediment (< 63 µm). Afterwards, the 
calcareous silt was dissolved with 1 N HCl and washed repeatedly until the pH was 
neutral. Then, the grain-size distribution of the carbonate-free silt fraction was analysed 
for 78 samples (18 samples contained too little material for a proper measurement). As 
the biogenic silica component is evanescent (Koopmann, 1981; Sarnthein et al., 1982) 
and can be neglected, the carbonate-free silt fraction is considered as the clastic silt 
fraction. For a better interpretation of the grain-size data, a numerical-statistical 
algorithm (Weltje, 1994; 1997) was applied to model the grain-size distributions using 
the grain-size results of 78 carbonate-free silt samples. The end-member algorithm aims 
to describe the variance in the total data set with a number of subpopulations, so-called 
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‘end-members’. Goodness-of-fit statistics provide the estimation of the minimum 
number of end-members by calculating the coefficient of determination (r²) that is 
required for a satisfactory approximation of the data. R² represents the proportion of the 
variance of each grain-size class that can be reproduced by the approximated data. This 
proportion is equal to the squared correlation coefficient (r²) of the input variables and 
their approximated values (Prins and Weltje, 1999; Weltje, 1997).  
 Present-day aeolian dust fallout was collected along a transect (33°N to 12°S) of 
the African west coast during RV Meteor cruise M41/1 (Schulz and participants, 1998) 
using an Anderson dust sampler model GMWL 2000, which was located ~15 m above 
sea level. The dust was rinsed off the filter according to the method described by Kiefert 
(1994) and Kiefert et al. (1996) using demineralised water instead of trisodium 
orthophosphate (Stuut, 2001). The grain-size distributions of the aeolian dust were 
measured with a Coulter LS230 at NIOZ (Royal Netherlands Institute for Sea Research, 
Texel, The Netherlands), resulting in grain-size distributions ranging from 0.4 to 
2000 µm (Figure 2.3). 
 
 
 
 
 
 
 
Figure 2.3. Grain-size
distributions of present-day
aeolian dust collected off the
west African coast with a
dust sampler on board the
RV Meteor. The grain-size
distributions shown are the
result of collecting dust
fallout along the illustrated
transects (black lines; black
dots mark the beginning and
the end of each sampling
period).    Arrows    illustrate 
prevailing  true surface wind directions. The dotted lines indicate the summer and winter
position of the Intertropical Convergence Zone (ITCZ). Relevant vegetation zones, the Sahara
desert and the Sahel zone are shown.
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2.5 Results 
 
2.5.1 Grain-size distributions 
 
The mean grain-size classification (sand/silt/clay) of seabed sediments off NW Africa is 
shown in Figure 2.4. Generally, the highest amounts of coarser sediment (e.g. sand and 
silt) are on the continental shelf while, with increasing distance from the shelf, the grain 
size decreases. The area off Cape Ghir is conspicuous with a relatively low proportion 
of sand and high clay contents up to 50 wt.% (Figure 2.4a and c). 
 
 
 
 
 
 
 
2.5.2 End-member modelling results of the carbonate-free silt fraction 
 
Polymodal grain-size distribution patterns of the carbonate-free silt fraction prevent any 
reliable interpretation of the grain-size moment statistics in terms of sediment transport 
mechanisms or sediment sources. To be able to interpret the observed grain-size data in 
terms of sediment transport mechanisms, end-members were calculated using grain-size 
distributions of 78 samples (Figure 2.5). These end-members represent a series of fixed 
sediment grain-size compositions that can be regarded as subpopulations within the  
Figure 2.4. Distribution maps of different grain-size classes (wt.%) for seabed sediments along
the Northwest African continental margin. (a) Sand (> 63 µm), (b) silt fraction (63-2 µm) and
(c) clay content (< 2 µm) in weight percentages. Isopleths were calculated using the gridding
method of kriging. The dashed line displays the 200 m water-depth isoline and represents
approximately the shelf break. 
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Figure 2.5. End-member modelling results of the measured grain-size
distributions of the seabed sediments. (a) Summary statistics of input
data (n = 78); maximum, average and minimum frequency record in
each size class. (b) Coefficients of determination (r²) for each size class
of different end-member solutions (2-10 end-members). (c) Mean
coefficient of determination (r²mean) for each end-member model. (d)
Modelled end-members of the carbonate-free silt fraction of the seabed
sediments of NW Africa. 
data set of seabed samples (Weltje, 1997). Figure 2.5a shows the mean size distribution 
and maximum range of frequency for each size class of all modelled samples (n = 78). 
In Figure 2.5b, the coefficient of determination for each size class is shown for end-
member models ranging from two to 10 end-members. The mean coefficients of 
determination (r²) are plotted for several end-member models (Figure 2.5c). In general, 
the mean coefficient of determination of the different end-member models increases 
with increasing numbers of end-members (Figure 2.5c). The two-end-member model  
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shows small values of coefficient of determination (r² < 0.6) for the grain-size spectrum 
12-24 µm; the three-end-member model (r²mean = 0.87) reveals relatively low r² for the 
size range 15-20 µm only. Better statistical fit is gained with the four- to 10-end-
member models. For the four-end-member model, the mean coefficient of determination 
(r²mean = 0.91) increases only slightly relative to that of the three-end-member model. 
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Hence, with regard to the contradictory requirements of parsimony on one hand 
(e.g. minimal number of dimensions or end-members) and reproducibility on the other 
hand (Prins and Weltje, 1999; Weltje, 1997), the three-end-member model represents a 
reasonable solution (Figure 2.5c). The grain-size distributions of the three end-members 
are illustrated in Figure 2.5d. The coarser end-members (EM 1 and EM 2) have a well-
sorted distribution with a clearly defined mode, whereas the fine grained end-member 
(EM 3) has a poorly sorted grain-size distribution with a moderately defined mode 
ranging from 3 to 5 µm. EM 1 has a modal grain size of ~ 43 µm and EM 2 of ~ 24 µm. 
In Figure 2.6, the relative contribution of the end-members is mapped across the 
investigation area. This mapping indicates that the coarsest end-member, EM 1, is only 
significantly present in samples from the region off Cape Blanc between 20°N and 
about 23°N (Figure 2.6a), whereas particle distributions with a modal grain size of 
about 24 µm (EM 2) are represented along the West African continent and around the 
Canary Islands (Figure 2.6b). Fine-grained particles, which are represented by EM 3, 
are confined to the area off Cape Ghir, where the end-member EM 3 builds up to 90 % 
of the relative contribution (Figure 2.6c). 
 
 
 
 
 
 
 
 
Figure 2.6. Spatial variation of modelled end-member contributions of the carbonate-free silt
fraction offshore Northwest Africa. Seabed sample locations indicated by black dots. Isopleths
were calculated using the gridding method of kriging. (a) Contour map of the coarsest end-
member, EM 1, reflecting coarse-grained aeolian dust. (b) Spatial distribution of EM 2, fine-
grained aeolian dust. (c) Contour map of EM 3 of fluvially discharged mud. 
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2.6 Distribution of aeolian and fluvial sediments along the NW African coast 
 
Natural marine sediments are mainly mixtures of biogenic and terrigenous components. 
However, the terrigenous fraction itself is a composite and can be assembled by various 
sources and different transport processes. Thus, the application of the end-member 
model of Weltje (1994; 1997) is a powerful approach to ‘unmix’ terrigenous matter into 
subpopulations that can subsequently be interpreted in terms of origin and/or transport 
pathways. Moreover, the application of the end-member algorithm to seabed sediments 
was used to interpret the distribution of the end-members in terms of interaction during 
transport, deposition and redistribution of the terrigenous particles (i.e. sorting by 
bottom currents or current focusing revealed by depositional bedforms, Frenz et al., 
2003). However, in this study, we did not observe any reworking of sediments and, 
therefore, we interpret the end-members in terms of transport mechanisms only. 
 The grain size of the aeolian particles in deep-sea sediments depends on the 
distance to the source and the capacity of the transporting agent. Close to the continent, 
the sediments are generally coarser grained compared with the distal open ocean. 
According to deep-sea sediment studies from various areas (Koopmann, 1981; Moreno 
et al., 2002; Prins and Weltje, 1999; Sarnthein et al., 1981; Sirocko, 1991; Stuut et al., 
2002), terrigenous sediments with a modal grain size larger than 6 µm are attributed to 
aeolian dust fallout, whereas hemipelagic deposition is assumed for particles smaller 
than 6 µm. Accordingly, EM 1 and EM 2 are interpreted to be wind-blown, and EM 3 is 
inferred as having been supplied from fluvial input. Present-day Saharan dust grain-size 
distributions along transects off the Northwest African coast are used for reference and 
comparison. The results support the interpretation of EM 1 and EM 2 as aeolian dust. 
The present-day aerosols, which were collected during February and March 1998, 
mirror the grain sizes of the supposedly wind-blown end-members. The modal grain 
sizes of the spring dust plume vary from about 7 µm, characterized as long-distance 
transported dust, to about 30 µm close to the source area (Figure 2.3). In their 
investigations off NW Africa, Koopmann (1979; 1981) and Sarnthein et al. (1981) 
related the carbonate-free fraction larger than 6 µm in diameter to aeolian sediment 
supply. Here, we also compare our data set with the supposedly aeolian grain-size  
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Figure 2.7. Modelled end-members
are compared with the results of
end-member modelling of aeolian
sediments offshore NW Africa
(Koopmann, 1979) and with grain-
size distributions of present-day dust
fallout in the investigation area. (a)
End-member grain-size distributions
modelled by Weltje and Prins
(2003). Raw data from Koopmann
(1979). (b) Comparison of aeolian
end-members EM 1 and EM 2 with
end-member grain-size distributions
of Koopmann (KEM 3 and KEM 4)
and grain-size distributions of
present-day aeolian dust samples. 
 
data set of Koopmann (1979, modelled by Weltje and Prins, 2003). Weltje and Prins 
(2003) showed that this data set is best described by five end-members, which are 
interpreted as downwind-fining aeolian sediments. The five end-members appear to 
have virtually unimodal grain-size distributions with modal grain sizes between 11 µm 
for the finest end-member and about 91 µm for the coarsest grain-size subpopulation 
(Figure 2.7a). Care has to be taken in the comparison of the different end-members 
considering the different analytical methods that were used for the various grain-size 
analyses (Molinaroli et al., 2000). However, the coarsest two (aeolian) end-members of 
this study (EM 1 and EM 2) compare very well with two of the modelled 
subpopulations of the Koopmann data set (KEM 3 and KEM 4; KEM = ‘Koopmann 
end-members’) with modes of about 23 µm and 36 µm, as well as the present-day dust 
samples (Figure 2.7b). KEM 1 and KEM 2 with modes of about 72 and 91 µm, 
respectively, are interpreted as exceptionally coarse aeolian sediments (Weltje and 
Prins, 2003). Although the coarsest present-day dust sample (Figure 2.3, dust sample 8) 
has few particles larger than 100 µm, its mode is around 30 µm. Therefore, KEM 1 and 
KEM 2 probably have to be attributed to other transport mechanisms, such as turbidity 
currents, although initially they could have been brought in by wind. Very coarse 
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particles (> 62.50 µm, so-called ‘giant’ particles) have been shown to be potentially 
wind-blown (McTainsh et al., 1997; Middleton et al., 2001) and have also been 
recorded over the Cape Verde Islands (Glaccum and Prospero, 1980) and in the Canary 
Island region (Coudé-Gaussen, 1989). 
 The modern dust fallout is well preserved in the examined seabed sediments. 
The deep-sea sediments offshore NW Africa represent a long-time archive for aeolian 
transport and dust plumes with variations in wind intensity, source areas and most 
probably seasonal variability in dust supply. It is observed and widely accepted that dust 
plays an important role in terrigenous sedimentation off NW Africa (Koopmann, 1981; 
Moreno et al., 2001; Sarnthein et al., 1981; 1982; Tetzlaff and Peters, 1986), especially 
offshore of the very arid latitudes of the western Sahara. Fine-grained aeolian dust, 
which may be transported over long distances or by weakening winds, is deposited 
widely over the investigated area along the Northwest African continental margin. In 
the south of the area, off Cape Blanc, these relatively fine-grained deposits are 
overprinted by coarse-grained aeolian dust, while in the northern part, off Cape Ghir, 
the end-member model outcome suggests fluvial supply to the Atlantic Ocean.  
 Sarnthein et al. (1981) analysed the same Koopmann (1979) data set by Q-mode 
factor analysis, identifying four grain-size assemblages that account for 99 % of the 
variance. They argued that three of these (factors 1, 2 and 4) were related to aeolian 
dust, whereas one factor (factor 3) was related to bottom-water transport. The fine 
fraction (factor 1: 11 µm) was thought to be derived from two sources, representing 
predominantly aeolian dust but, in some cases, also fluvial discharge, characterized by 
an excess of fine-grained material < 6 µm, although the latter contribution could not be 
quantified. The major advantage of the end-member model is that it is able to resolve 
components in the fine sediment fraction. The spatial distribution of EM 3, which is 
interpreted as fluvial mud, shows that the fluvial contribution is restricted to the 
northern part of the Northwest African coast (Figure 2.6). This interpretation is 
supported by studies that show that sediment is delivered to the tropical eastern North 
Atlantic by the Souss River (Ercilla et al., 1998; McMaster and Lachance, 1969; Wynn 
et al., 2000a). Hence, the dilution of the aeolian fallout in marine sediments through 
river discharge from southern Morocco and the drainage of the Atlas Mountain 
hinterland is evident.  
 Two wind systems are important for this area, the Saharan Air Layer and the NE 
trade winds. These wind systems deliver aeolian sediments from different source areas 
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(Sahara and Sahel deserts, e.g., Koopmann, 1981; Sarnthein et al., 1981; Tetzlaf and 
Peters, 1986). Biscaye (1965) investigated the origin of sediments in the eastern 
Atlantic on the basis of mineralogical analyses and distinguished between Saharan and 
Sahelian sediments, assuming that the whole terrigenous fraction was of aeolian origin. 
However, it has been shown here that the terrigenous fraction of sediments in the 
eastern tropical North Atlantic contains a considerable fluvial fraction as well. 
Therefore, provenance studies of the different wind systems need to isolate the aeolian 
fraction only. 
 
2.7 Conclusions 
 
Grain-size distributions of seabed sediments recovered off Northwest Africa can be 
described using an end-member modelling algorithm (Weltje, 1997). The coarsest two 
end-members are interpreted as ‘coarse’ and ‘fine’ aeolian dust and the finest end-
member as the result of fluvial supply. 
 The distributions of the modelled end-members show distinct regional 
variations. The ‘fluvial’ end-member is dominant especially in the northern part of the 
study area, along the Moroccan coast. The different relative proportions of end-
members can be related to different transport mechanisms and hinterland climates. 
North of 29°-30°N, rivers drain from the Atlas Mountains, particularly during snow 
melting and also during rain-intensive seasons. South of 29°N, climatic conditions are 
more arid and, therefore the terrigenous supply is restricted to aeolian dust of different 
grain sizes, varying with the transport distance to the source area. 
 From the results of the end-member model, the present-day sedimentation 
pattern off NW Africa can be explained, and input from fine-grained, wind-blown and 
river-discharged sources can be distinguished. This is important for the reconstruction 
of palaeoclimate records from grain-size distributions in cores from offshore 
NW Africa. 
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3.1  Abstract 
 
Variations in deposition of terrigenous fine sediments and their grain-size distributions 
from a high-resolution marine sediment record offshore Northwest Africa document 
climate changes on the African continent during the Holocene. End-member grain-size 
distributions, which are related to fluvial and aeolian dust transport, indicate millennial-
scale variability in the dominant transport processes at the investigation site off 
Northwest Africa throughout the Holocene, related to recurring periods of dry 
conditions in Northwest Africa during the Holocene. The terrigenous record from the 
subtropical North Atlantic reflects generally humid conditions before the Younger 
Dryas, during the early to mid Holocene, as well as after 1.3 kyr BP. In contrast, 
continental runoff was reduced and arid conditions were prevalent at the beginning of 
the Younger Dryas and during periods of mid and late Holocene. A comparison with 
high and low latitude Holocene climate records reveals a strong link between Northwest 
African climate and Northern Hemisphere atmospheric circulation throughout the 
Holocene. Due to its proximal position, close to an ephemeral river system draining the 
Atlas Mountains as well as the adjacent Sahara desert, this detailed marine sediment 
record with a temporal resolution between 15 and 120 years is ideally suited to enhance 
our understanding of ocean-continent-atmosphere interactions on African climates and 
the hydrological cycle of Northern Africa after the last deglaciation. 
 
Keywords: aeolian dust; climate; end-member model; grain size; Holocene; marine 
sediments; Northwest Africa 
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3.2 Introduction 
 
Hemipelagic sediments deposited on continental margins are important archives, which 
monitor land-ocean interactions and their variability related to climate oscillations on 
various temporal and spatial scales. The terrigenous fraction of marine sediment records 
reflects the input of material produced on and discharged from continents, which is 
directly related to climate conditions in the hinterland.  
For a long time, Holocene climate was considered as a rather stable period in earth 
history. However, many investigations provide evidence that the North Atlantic’s 
Holocene climate indeed exhibits variability on (sub-)millennial time scales, and 
therefore, Holocene variations might be comparable in amplitude and frequency with 
the rapid climate shifts of the last glaciation (e.g., Bond et al., 1997). Additionally, 
marine, terrestrial and limnological studies particularly in the African tropics and 
subtropics, but also in the Mediterranean realm, show evidence for large amplitude 
changes in the hydrological cycle (e.g., Arz et al., 2003; deMenocal et al., 2000a; 
Gasse, 2000; Roberts et al., 1993; Stein, 2001; Swezey, 2001) during the last 
deglaciation. Palaeohydrological changes of Africa, over the period for which 
radiocarbon dating is possible, appear to have been a complex alternation of wet and dry 
episodes with abrupt transitions (e.g., deMenocal et al., 2000a; Gasse, 2000). From 
about 10,000 to 4,000 years ago, Neolithic civilizations flourished in a wet and green 
Sahara, and in northern East Africa closed lakes extended tens or hundreds of metres 
above their present level (Gasse, 2000).  
Today, the Sahara desert, one of the world’s most important source regions for 
mineral dust formation (e.g., Harrison et al., 2001), represents a major source of 
terrigenous sediments. However, next to aeolian dust there is another important source 
of terrigenous sediments deposited along the Northwest African continental margin. A 
number of permanent and ephemeral rivers transport sediments derived from the Atlas-
Mountain hinterland to the continental shelf off Morocco (see Figure 3.1) and recent 
studies point to a fluvial contribution off Northwest Africa (e.g., Holz et al., 2004). The 
total discharge of suspended sediment by Northwest African rivers is estimated at 
110 million tons per year (Hillier, 1995).  
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Figure 3.1. Contour map
(500 m) of the Northwest
African continental margin
showing locations of site
GeoB 6007-2 off Cape Ghir,
Morocco and of Ocean
Drilling Program (ODP) Site
658C off Cape Blanc,
Mauritania. All permanent and
intermittent rivers of North-
west Africa are indicated.
Figure is created using Generic
Mapping Tools (Wessel and
Smith, 1991). 
 
 
 
Present-day climate of Northwest Africa is dominated by two climate systems, the 
Mediterranean and the subtropical Northwest African monsoonal climate systems, 
which are separated by the Saharan desert belt (Nicholson, 2000). South of ~20-24°N 
summer monsoonal rains play a major role in subtropical African climate, whereas 
north of ~20°N precipitation is dominated by Mediterranean winter rains. Therefore, the 
studied gravity core, GeoB 6007-2 (30°51.0’N; 10°16.1’W), which was retrieved during 
RV METEOR cruise M45/5 (Neuer and participants, 2000) in the subtropical northern 
Atlantic at a water depth of 900 m (Figure 3.1), is anticipated to record variations in 
these Mediterranean winter rains and is influenced by North Atlantic climate 
(Kuhlmann et al., 2004). The marine sediment record with an average sedimentation 
rate of ~85 cm/kyr reflects variability in terrigenous sedimentation off Cape Ghir for the 
last 13.5 kyr and provides a continuous palaeoclimate record that reflects 
aridity/humidity changes in Northwest Africa.  
 
3.3 Methods 
 
The age model for the investigated sediment core GeoB 6007-2 is based on thirteen 
accelerator mass spectrometry (AMS) radiocarbon dates for the last 9 kyr BP 
(Kuhlmann et al., 2004), and additional six AMS radiocarbon dates for the lower part of 
the record (from 9 to 13.5 kyr BP, Kim et al., submitted) and linear interpolation 
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between these dates. All ages used in this study are given as calendar years before 
present = kyr BP. 
The terrigenous content of the fine fraction (<63 µm) was determined by 
dissolving the carbonate fraction using 1 N HCl. Following several rinses in 
demineralised water, the sediment samples were washed until the pH was neutral. 
Grain-size distributions of the terrigenous fine fraction (<63 µm) between 0.63 and 
63 µm were measured in 5-cm intervals for the high-resolution record of 221 samples 
using a Micromeritics SediGraph 5100. Weight-percentages of 48 subpopulations for 
the grain-sizes of the terrigenous fine fraction (0.63-63 µm) were calculated and result 
in various polymodal grain-size distributions. 
The siliciclastic components in deep-sea sediments can be supplied by different 
transport processes, which may result in polymodal grain-size distributions. If so, 
recognition of the various distinct subpopulations and their interpretation in terms of 
sediment transport processes is very difficult and moment statistics (e.g., Folk and 
Ward, 1957) are often not sufficient to distinguish these processes. Hence, the end-
member modelling algorithm after Weltje (1997) was applied to all grain-size 
distributions of the terrigenous fine fraction of the marine sediment core off Cape Ghir. 
This numerical-statistical algorithm aims to explain the variance in the data set with 
discrete subpopulations, the different grain-size end-members. The contradictory 
requirements of a minimal number of end-members and the best approximation of the 
variance in the data set are obtained by calculating the coefficient of determination. The 
coefficient of determination represents the proportion of the variance of each grain-size 
class that can be reproduced by the approximated data. This proportion is equal to the 
squared correlation coefficient of input variables and their approximated values (Prins 
and Weltje, 1999; Weltje, 1997). 
 
3.4 Results 
 
We employed the end-member modelling algorithm after Weltje (1994; 1997), to 
describe the data set of grain-size distributions from the marine sediment core offshore 
Northwest Africa. This algorithm has been shown to be especially fit for the ‘unmixing’ 
of grain-size distributions into end members that can be related to different transport 
processes (e.g., Frenz et al., 2003; Moreno et al., 2002; Prins and Weltje, 1999; Stuut et  
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Figure 3.2. End-member modelling results of 221 grain-size
distributions from the high sedimentation marine sediment
core off Cape Ghir. A Coefficients of determination (r²) for
each size class of a two to ten end-member model. B Mean
coefficient of determination (r²mean) for the different end-
member solutions. C-D Modelled end-members of the
carbonate-free silt fraction of sediment core GeoB 6007-2
off Cape Ghir and mean grain-size distribution of aeolian
dust samples collected off Northwest Africa (dotted lines).
Dashed lines represent aeolian end-member grain-size
distributions while end-member grain-size spectra
interpreted as fluvial mud are displayed as black lines. 
al., 2002; Weltje, 1997). 
The goodness-of-fit statis-
tics for the 221 terrigenous 
grain-size distributions of 
the sediment record are 
shown in Figure 3.2. For 
each size-class the co-
efficient of determination 
(r2) is shown versus grain-
size for different end-
member models ranging 
from two to ten end-
members (Figure 3.2A). 
Moreover, the mean 
coefficients of determin-
ation (r2) are plotted for 
each of these end-member 
models (Figure 3.2B). The 
two-end-member model re-
veals a low coefficient of 
determination (r2 < 0.6) for 
grain-sizes between 5 and 13 µm and larger than ~25 µm. The three-end-member model 
(r2mean = 0.77) represents the grain-size spectrum up to ~ 35 µm with a coefficient of 
determination of more than 0.7. Obviously, the goodness-of-fit increases with growing 
number of end-members. The four-end-member model reveals a better statistical fit with 
r2mean = 0.85, but the shapes of the end-member grain-size distributions (EM 3 and 
EM 4) are bimodal (Figure 3.2D), which makes them hard to interpret in terms of 
sediment transport processes. Additionally, downcore relative proportions of the four 
end-members do not reveal more details than the downcore relative proportions of the 
three end-member model in terms of terrigenous variability and climate changes of the 
hinterland environment. Moreover, three end-members are consistent with an end-
member model of marine surface samples off Northwest Africa (Holz et al., 2004) that 
includes a seabed sample of the here investigated core site.  
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The grain-size distributions of the three end-members, illustrated in Figure 3.2C, 
are all unimodal, well sorted, and have relatively fine modal grain-sizes. Given the high-
sedimentation rates at the core site, which are in the order of few cm’s per 100 yr, each 
sample analyzed represents at least tens of years of accumulation, and probably 
thousands of dust transport events, which have been mixed thoroughly together. 
Therefore, they can only be considered as a mixture. This mixture can be described with 
two end members, which represent the beginning and end process of a set of wind-
depositional events with its accompanying downwind decrease in size of the wind-
blown material, due to the downwind decrease in transporting capacity of the wind. 
Consequently, and in accordance with our studies of seabed samples along the 
Northwest African continental margin (Holz et al., 2004), and present-day dust fallout 
(Stuut et al., in press, Figure 2C) we interpret the coarsest two end members as the 
beginning and end process of aeolian deposition and label them 'coarse' aeolian dust and 
'fine' aeolian dust. The coarsest end-member (EM 1) has a clearly defined modal grain-
size of ~ 18 µm, whereas EM 2 has a mode of ~ 10 µm. As a result of the proximal 
position of the investigated marine sediment core to the African dust source, wind-
blown sediments are generally coarser in grain size than sediments supplied by rivers. 
In contrast, some studies dealing with relatively large source to sink distances 
(thousands of km) have shown that aeolian dust can be finer than hemipelagic sediments 
(e.g., Rea, 1994; Rea and Hovan, 1995). The finest end-member (EM 3) reveals a modal 
grain-size of about 4 µm and is assumed to result from fluvial input (Holz et al., 2004; 
Koopmann, 1979; 1981).  
Keeping in mind the high sedimentation rates of this sediment core one might 
expect a much more prominent fluvial discharge. An alternative interpretation could 
therefore potentially come from the four end-member model, where the fluvial 
component would be split up into a ’fine’ and a ’coarse’ fluvial end member. Indeed, in 
the four end-member model, the finest end member (the fluvial end member, EM 3 of 
the three end-member model) is split up into two end members (Figure 3.2D, EM 3 and 
EM 4). However, the extra end member (EM 3 in the four end-member model) is 
bimodal, and therefore hard to explain in terms of transport processes, and is 
predominantly used by the model to describe the variance in the coarser part of the 
grain-size spectrum (Figure 3.3A). Moreover, the finest end member in the four end-
member model is also stronger bimodal than the finest end member in the three end-
member model, which shows that the model tries to describe virtual ‘noise’ in the data 
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set. Besides, the positions of the modes of the end members in the three and four end-
member models hardly change, and therefore we argue that the three end member model 
satisfactorily describes the variance in the data set while keeping the contradictory 
requirements of parsimony (Prins and Weltje, 1999; Weltje, 1997). The downcore 
proportion of the fluvial end member (EM 3) varies from 0 to 61% (Figure 3.3A), which 
explains the high sedimentation rates of this core. 
The relative contributions of these end-member grain-size distributions, their 
ratios and the proportion of the aeolian end members, can be applied as proxies for wind 
intensity and continental aridity (cp. Stuut et al., 2002). The temporal variation of these 
proxies is shown in Figure 3.3. Generally, these records vary on sub-millennial 
timescales (Figure 3.3). If the interpretation of the three-end-member model is correct, 
there is an abrupt change within the two aeolian records and therefore within the wind 
intensity around 12.7-12.4 kyr BP. The contribution of coarse aeolian particles is 
strongly reduced around this time, whereas the supply of fine aeolian particles is 
intensified (Figure 3.3A). This rapid change in the aeolian fraction is not reflected in the 
finest end-member record (EM 3), the fluvial supply. The latter shows a relatively 
continuous decrease from the end of the record until ca. 11.5 kyr BP, followed by a 
slow but steady increase in continental runoff until the mid Holocene (Figure 3.3A). 
Moreover, Figure 3.3A displays generally reduced fluvial supply during the mid 
Holocene with one minimum of EM 3 at about 6.1-6.6 and another at ca. 5.2-5.5 kyr 
BP, followed by increasing fluvial input until ca. 3.5 kyr BP. Prior to very high 
proportions of fluvial discharged mud during the last 1.3 kyr BP, fluvial supply is 
slightly reduced. A similar variability is shown in the terrigenous clay record (Figure 
3.3B), which also indicates fluvial supply of finest sediments to the ocean. However, the 
record of the bulk terrigenous fine fraction (Figure 3.3D) does not reflect this 
millennial-scale variability during the Holocene, which implicates that it is all the more 
important to distinguish between the different transport processes of terrigenous 
sediments. The proportion of the aeolian end-members, an indicator for continental 
aridity/humidity documents quasiperiodic rapid and large amplitude shifts during the 
Holocene. These abrupt dry episodes in Northwest African climate recorded at about 
11.3, 10.2, 9.6, 8.1, 5.7, 3.9, 2.7, 1.8, 0.8 and 0.4 kyr BP (Figure 3.3F) are superimposed 
upon a generally humid early to mid Holocene interval.  
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3.5 Discussion 
 
Northwest African climate during the early to mid Holocene was characterized by 
generally humid conditions and the presently arid Sahara desert was largely vegetated 
(e.g., Jolly et al, 1998). Humid conditions are in general constituted between ca. 9 and 
6 kyr BP (Ritchie et al., 1985; Roberts, 1998), although they were shown to have 
initially started around 14.5 kyr BP (DeMenocal et al., 2000a; Gasse, 2000) and were 
punctuated by a brief return to much more arid conditions during the Younger Dryas 
event (Gasse and Van Campo, 1994). 
The high-resolution marine sediment record of the past 13.5 kyr BP is one of the 
few undisturbed continuous Holocene records retrieved from the subtropical oceans 
around Northwest Africa. The record documents variations in terrigenous sediment 
deposition off the Moroccan continental margin and is very sensible to climate changes 
on the African continent. Today, the core location is under the prevailing Saharan dust 
path and also records seasonally discharged fluvial mud, often supplied in terms of melt 
water flows from the Atlas Mountains. Hence, this core is particularly well suited to 
reconstruct continental aridity/humidity of Holocene Northwest Africa.  
Beside abrupt changes in the grain-size end-member records, clear millennial-
scale variability can be observed in the terrigenous sediment supply to the North 
Atlantic Ocean off Morocco (Figure 3.3). The conspicuous, abrupt shift within the end-
member records around 12.5 kyr BP coincides with the onset of the Younger Dryas 
(12.5-11.5 kyr BP, Broecker et al., 1988). General transport of aeolian dust particles 
(EM 1 and EM 2) is strongly increased, although the proportions EM 1 are restricted to 
events of increased wind strengths. Moreover, during the Younger Dryas with its 
prevalent drier and cooler conditions, continental runoff (EM 3) is reduced and 
therefore continental aridity in the hinterland is increased. 
Whereas the variability in the terrigenous fine fraction is relatively constant during the 
early to mid Holocene, the continental runoff (EM 3 and terrigenous clay fraction) 
increases contemporaneously (Figure 3.3). This implies a general decrease in dust 
formation, possibly due to a consolidated vegetation cover and a successive increase of 
continental runoff, which support the hypothesis of humid conditions in Northwest 
Africa during early to mid Holocene. This pattern of prevalent humid climate conditions  
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Figure 3.3. Terrigenous fine sediments and their end-member grain-size distributions offshore 
Cape Ghir during the past 13.5 kyr BP (radiocarbon ages are indicated by filled arrows).
A Contributions of end-member grain-size distributions downcore. EM 1 and EM 2 represent 
coarse-grained fine-grained aeolian dust, respectively; EM 3 represents fluvially discharged 
mud in sediment core GeoB 6007-2 off Cape Ghir. B Variability in the supply of terrigenous 
clays (weight%) in core GeoB 6007-2. C Changes in 18O content of authigenic carbonates of 
lake sediments from the northern margins of the Sahara (modified after Gasse, 2000). High
values reflect arid and low values indicate wet intervals. D Variability in the supply of 
terrigenous fine sediments (weight%) in core GeoB 6007-2. Ratios of the end-member 
contributions and the proportion of the aeolian end members are used as proxies for wind
intensity (E) and continental aridity (F) of Holocene northern Africa. A three-point running 
average of the aridity is also shown. G Periods of enhanced ice drift reconstructed from ice-
rafted debris of a stacked record of Holocene marine sediment cores of the subpolar North
Atlantic Ocean (Bond et al., 2001). 
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correlates with episodes of higher water levels in African lakes and paleohydrological 
data from the African winter rain domain (e.g., Gasse, 2000). The investigated marine 
sediment record GeoB 6007-2 off Morocco documents an abrupt increase in humidity 
from around 11.5-11 kyr BP. This period is also known as the second drastic arid-humid 
transition after the last deglacial period in equatorial Africa, which is influenced by the 
monsoonal climate system, and northern Africa (Gasse, 2000). Moreover, the generally 
humid climate conditions of northern Africa during 11-10 kyr to ~ 3.5 kyr BP with its 
slowly increasing continental runoff interrupted by short dry episodes, is clearly 
reflected by fluctuations in the terrigenous supply of the investigated marine sediment 
core offshore Morocco (Figure 3.3). These results are consistent with paleohydrological 
inland records; Gasse (2000) describes the mid Holocene of monsoonal West Africa as 
a phase of maximum wetness around 8-7.5 to 4 kyr BP, whereas Ritchie et al. (1985) 
and Roberts (1998) define the African Humid Period as occurring between ca. 9 to 6 kyr 
BP. In western Fezzan (Lybian Sahara), a wet savannah landscape inside the mountains, 
and the development of shallow lakes in the ergs have been described from ca. 10 to 6 
kyr, while at 8.5-8 kyr a dry period interrupted this wet interval (Cremaschi and Di 
Lernia, 1998). Moreover, during the early to mid Holocene permanent lakes emerged 
along the northern margin of the Sahara. Changes in 18O content of authigenic 
carbonates in lake sediments from the northern margins of the Sahara (Sebkha Mellala, 
Algeria) indicate two freshwater lacustrine episodes between 10.3 and 5.7 kyr, separated 
by a desiccation phase at ca. 8.5-8.0 kyr (Gasse et al., 1990). But, care has to be taken 
with onshore records. Not all Holocene climate proxy records are in agreement with 
each other; Cheddadi et al. (1998) show a high-resolution climate reconstruction from a 
pollen record retrieved from a small lake from the Middle Atlas Mountains. Although 
they also show a high frequency variability throughout the Holocene, the timing of wet 
and dry periods does not match to the ones of our marine and other onshore studies. 
This could be explained for instance by local vegetation effects within the mountain 
ranges. Since our record is from the ocean, and sediments are derived from both the 
Atlas Mountains and the Sahara desert, we argue that the variability observed in our 
records is representative for regional climate variations. In addition, based on grain-size 
spectra of marine sediments from the northern Red Sea the termination of the humid 
phase is recorded around 6.25 kyr BP (Arz et al., 2003).  
Superimposed upon this generally humid early to mid Holocene interval the 
aridity/humidity record clearly documents a millennial-scale variability of recurring 
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abrupt dry episodes in Northwest African climate (Figure 3.3F). Besides, the 8.2-kyr 
cold event, widely documented around the North Atlantic region, and the most recent 
dry phase, representing the Little Ice Age (LIA), are recorded off Morocco as well 
(Figure 3.3). In general, these short-term periods of rapidly reduced continental runoff 
match with Holocene climate changes described for high as well as low latitudes (e.g., 
Bond et al., 2001; 1997; deMenocal et al., 2000b). Kuhlmann et al. (2004) showed that 
during the Holocene the northern part of Northwest Africa (north of 27 °N) was 
possibly dominated by the North Atlantic climate, relative to the region south of 27 °N, 
which was dominated by the monsoonal climate system throughout the Holocene. Their 
reconstruction was based on the assumption that the chemical element Potassium (K) in 
two sediment cores off Morocco and off Mauritania, respectively, can be taken as a 
proxy for terrigenous sediments. Moreover, on the basis of the grain-size distributions 
of the terrigenous fine fraction that was ultimately derived from both the Atlas 
Mountains and the Sahara desert, we have been able to distinguish between wind-blown 
dust and fluvial sediments, and express these in terms of humidity in the source regions 
of the sediments. As the precipitation in the Atlas Mountains is predominantly from the 
Westerly circulation in the Mediterranean region, we hypothesize that our record can be 
compared proxy records from the high latitudes on the Northern Hemisphere. Thus, we 
compare the continental aridity of Northwest Africa (Figure 3.3F) with a drift-ice record 
of marine sediment cores from the subpolar North Atlantic (Bond et al., 2001, 
Figure 3G), indicating Holocene climate variability on centennial to millennial time 
scales. Bond et al. (2001) suggest variations in solar irradiance to be primary forcing 
mechanisms of these centennial to millennial time-scale changes in Holocene climate, 
whereas they do not preclude that solar forcing may excite atmospheric variability. The 
comparison of enhanced ice drift in the North Atlantic (Figure 3.3G) with dry episodes 
in Northwest African climate (Figure 3.3F) indicate a good correlation between 
subpolar North Atlantic climate and continental aridity of Northwest Africa, especially 
for the early and late Holocene. A possible correlation between the drift ice cycles 
(Bond et al., 2001) and Holocene dry events of Northwest Africa is also indicated for 
mid Holocene, although a clear recognition of drift ice cycle four and five within the 
aridity record are difficult. 
Based on foraminifera faunal sea surface temperature (SST) reconstructions, 
deMenocal et al. (2000b) showed evidence for cold events and high trade wind activity 
off West Africa during early to mid Holocene, although this record off West Africa is 
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influenced by the African monsoon, whereas the here investigated site off Cape Ghir is 
dominated by the North Atlantic climate system (Kuhlmann et al., 2004). 
Risebrobakken et al. (2003) suggest more pervasive strong westerlies during early and 
mid Holocene as result of a stronger influence of Arctic water, which was observed 
from a combined isotope and foraminiferal record of the Nordic Seas. Furthermore, 
during this time interval a reconstruction of mean winter precipitation in western 
Norway indicates higher winter precipitation (Nesje et al., 2000). Based on an 
atmospheric general circulation model Harrison et al. (1992) have shown that during 
early and mid Holocene the Icelandic Low and the westerly jet stream were displayed 
further north, producing mild and wet winters in northern Europe. All these signals of 
high and low latitudes are similar to a positive North Atlantic Oscillation (NAO) 
situation, which is characterized by stormy conditions over the North Atlantic Ocean, 
wet but warm conditions in Northern Europe and cold, dry conditions in the 
Mediterranean region (Hurrell, 1995). This millennial-scale variability in terrigenous 
sediment supply (aeolian versus fluvial sediments) off Morocco indicates recurring dry 
conditions also for Northwest Africa during the Holocene. Therefore, we suggest an 
influence of strong westerlies to Northwest African climate throughout the Holocene. A 
possible link between Northwest African climate variability and decadal NAO-like 
situations can only be assumed, since therefore, this study is also restricted in its 
temporal resolution. 
 
3.6 Conclusions 
 
This study provides a correlation of a marine sediment record close to an ephemeral 
river system draining the Atlas Mountains with several inland records as well as high 
and low latitude marine records to understand ocean-continent-atmosphere interaction 
on African climates and the hydrological cycle of Northern Africa during the last 
deglaciation. Many Holocene records of onshore studies show that the northern African 
continent has experienced rapid hydrological changes. Additionally, continental aridity 
or general climate changes of the winter precipitation dominated area of Northwest 
Africa are also documented in the terrigenous sediment deposits off the Moroccan 
continental margin. From the variability in the terrigenous supply we infer an 
alternation of dry and wet episodes in the African hinterland during the last 13.5 kyr. 
This study shows (1) that these phases of maximum wetness or dry events recognized in 
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the continuous high-resolution offshore record coincide with existing onshore data sets 
of northern Africa and additionally, (2) that millennial-scale recurring NAO-like 
situations influenced the Northwest African hydrological cycle during the Holocene. 
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4.1 Introduction 
 
The first detailed maps showing seafloor features on the Mauritania margin, and the 
adjacent margins of Western Sahara and Senegal, were published by Jacobi (1976) and 
Jacobi and Hayes (1982; 1992). These studies were largely based upon 3.5-kHz profiles, 
although Kidd et al. (1987) also presented GLORIA sidescan sonar imagery from a 
section of the lower slope. More recently, Wynn et al. (2000) and Weaver et al. (2000) 
produced seafloor maps covering the entire northwest African and northeast Atlantic 
continental margins, respectively. However, although they provided a more regional 
perspective of sedimentary processes operating along the margin, the lack of new data 
from offshore Mauritania meant that mapping of this section was largely based upon the 
previous work by Jacobi and Hayes (1982; 1992). 
In spring 2003, RV Meteor cruise M58/1 collected a suite of new geophysical and 
sedimentological data from the northwest African margin between 16o and 23oN (Figure 
4.1). The primary aim was to survey and sample any major landslides and channels in 
the region, which is in an area of oceanic upwelling and high primary productivity (e.g., 
Van Camp et al., 1991; Lange et al., 1998). Consequently, the cruise focussed on two 
main features: the Mauritania Slide, previously documented by Jacobi (1976), and the 
spectacular meandering Cap Timiris Channel, which has not been previously described 
(see following chapters). In addition, PARASOUND shallow seismic profiles were 
collected continuously along all ship’s tracks (Figure 4.1), allowing seafloor features to 
be mapped across a large section of the upper and middle slope.     
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Figure 4.1: Location map showing track chart of RV Meteor cruise M58/1
overlying shaded GEBCO bathymetry. Inset map shows position of study area on
northwest African margin. Bathymetric contours (shown by thin dashed lines) are at
0.5 km intervals. Thick dashed line shows shelf break. Location of Figures 4.3-4.14
are indicated. 
 
 
 
 
 
The main aims of this paper are therefore to: 
 
1) present a new map showing the distribution of seafloor features and potential 
geohazards on the Mauritania margin (Figure 4.2). 
  
2) briefly describe the main seafloor features mapped in the study area and the 
processes responsible for their formation (note that more comprehensive 
descriptions of some of these features will be published elsewhere in due course).  
3) discuss the controls on the distribution of seafloor features in the region and assess 
their geohazard potential with respect to offshore exploration. 
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This study is particularly timely as the mechanics of large submarine slides (Locat and 
Mienert, 2003, and references therein) and the generation, morphology and architecture 
of meandering slope channels (e.g., Peakall et al., 2000a) are two of the major issues in 
Figure 4.2: Map showing seafloor features offshore Mauritania, together with locations of
Figures 4.3-4.14. Bathymetric contours are at 0.5 km intervals. Thick dashed blue line shows
shelf break. 
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marine geological research at the present day. The initial results presented here from the 
Mauritania Slide and Cap Timiris Channel will provide valuable new data towards the 
understanding of these issues. In addition, the Mauritania margin is currently a ‘new 
frontier’ for hydrocarbon exploration and production. An assessment of the potential 
geohazards in this region will aid secure placement of seafloor infrastructure, and will 
hopefully provide a baseline for future research in the area. 
 
4.2 Data collection 
 
Seafloor mapping carried out during the 2003 Meteor cruise was largely based upon a 
combination of seismic profiling and multibeam bathymetry, with ground-truthing 
provided by sediment coring in selected areas. 
 
4.2.1  Seismic profiling 
 
PARASOUND shallow seismic profiles were collected continuously along all ship’s 
tracks during the Meteor cruise (Figure 4.1). The hull-mounted PARASOUND system 
operates parametrically, and simultaneously transmits two similar frequencies (18 kHz 
and 22 kHz) to produce a secondary signal of 4 kHz, resulting in a smaller footprint size 
and improved vertical and lateral resolution. Vertical resolution is in the order of a few 
decimetres, and signal penetration varies between 10 and 200 m depending on sediment 
properties. The system is particularly effective when mapping areas of rugged seafloor 
topography, e.g. slope gullies and blocky slide debris, as the abundant hyperbolae 
associated with standard 3.5 kHz profilers are largely eliminated.  
 High-resolution multi-channel seismic reflection profiles were collected in three 
areas: the Mauritania Slide, the Cap Timiris Channel, and the ridge extending offshore 
from Cape Blanc (Figures 4.1 and 4.2). Two different sources (a GI-Gun and a 
Watergun) were triggered near-simultaneously at a time interval of 9-10 seconds, with 
an average ship speed of 6 knots giving a shot distance of 28-31 m. The streamer unit 
comprised a tow-lead, a stretch section of 50 m and nine active sections of 50 m length 
mounted with hydrophones.     
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4.2.2  Multibeam bathymetry 
 
A hull-mounted swath sonar system, HYDROSWEEP, was used continuously during 
the Meteor cruise, but was only specifically applied to map the seafloor morphology in 
the area of the Cap Timiris Channel (Figure 4.2). This system transmits 59 beams at a 
frequency of 15.5 kHz; the angle of the beam array is 90o, producing a total swath width 
equivalent to 2x water depth.  
 
4.2.3 Sediment coring 
 
A multicorer was deployed in areas where it was important to recover the sediment-
water interface; this produced short cores ~30 cm long. A giant box corer was also 
deployed at several sites where the seafloor was thought to be quite hard, e.g. outer shelf 
sands and deep-water coral reefs. The majority of cores were collected using a gravity 
corer; this produced cores 4-15 m long. 
 
4.3 Morphology and oceanography of the Mauritania margin 
 
4.3.1  Margin morphology and sediment supply 
 
The map area extends from 16o to 23oN and offshore to 22oW, covering the entire 
Mauritania continental margin as well as sections of the adjacent Senegal and Western 
Sahara margins (Figure 4.2). The continental shelf in this region is typically 25-50 km 
wide, although in the Banc d’Arguin embayment between Cape Blanc and Cap Timiris 
the shelf width is >100 km. The shelf-break is at ~100 m water depth, beyond which lies 
the continental slope with typical slope angles of 1o-3o. At 2000-2500 m water depth the 
slope passes to the continental rise, which has gentle slopes of <1o. The Cape Verde 
Islands lie just to the west of the map area, but their structural influence can be seen in 
the flat area of continental rise between 17o30’ and 19oN, termed the Cape Verde 
Terrace (Figure 4.2). 
At the present day there is little, if any, fluvial input onto the Mauritania margin, 
although large volumes of wind-blown sediment are transported offshore from the 
Sahara Desert (Matthewson et al., 1995). In the Cape Blanc area it has been shown that 
the present-day aeolian input is largely composed of silt-sized angular quartz, with 
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additional input of assorted clay minerals (Wefer and Fischer, 1993). In addition, the 
northwest African coast around Cape Blanc is the only modern example where active 
sand dunes directly supply sand to the coast of an open ocean (Figure 4.3). 
 
 
 
4.3.2 Ocean currents and upwelling 
 
The oceanographic current regime along the Mauritania margin is as follows: On the 
outer shelf and upper slope, at <200 m water depth, the southward-flowing Canary 
Current continues as far south as Cape Blanc, where the dominant fraction detaches 
from the coast and heads to the south-west. Further south, a minor part of this flow 
continues southwards and becomes the Guinea Current (Sarnthein et al., 1982). The 
Canary Current is underlain by the northward-flowing South Atlantic Central Water 
(SACW) between ~150-400 m, which is in turn underlain by the southward-flowing 
North Atlantic Central Water (NACW) down to about 600-700 m. The deeper waters 
are less well documented (Sarnthein et al., 1982; Lonsdale, 1982), but are thought to be 
fairly weak at the present-day (<5 cm/s). They are characterised by the southward-
flowing North Atlantic Deep Water (NADW) down to about 3500-4000 m, and the 
underlying northward-flowing Antarctic Bottom Water (AABW). 
Oceanic upwelling is seasonally and spatially variable on the margin. Between 20o 
and 25oN, the regional trade winds are strong and persistent throughout much of the 
year, leading to continuous upwelling and high primary productivity. In this area, the 
strongest upwelling occurs in spring and autumn, when the SSW-blowing trade winds 
reach their peak velocity (Mittelstaedt, 1991; Van Camp et al., 1991). Between 15o and 
20oN, the trade wind belt undergoes seasonal migration, meaning that intense upwelling 
Figure 4.3: Aerial photograph
showing active barchan dunes
and sand ribbons extending to
the coast in the Sahara Desert
adjacent to Cape Blanc. Scale
not shown due to variable
perspective. For location see
Figures 4.1 and 4.2. 
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is restricted to the winter months in this region. Longer-term variations in upwelling 
strength on a glacial/interglacial timescale were noted offshore of Cape Blanc by 
Martinez et al. (1999). They presented a record from the last 70 kyr showing that the 
strongest upwelling and enhanced productivity occurs during interglacial periods, or 
during the transitions between glacial/interglacial periods.  
Along the whole margin, upwelling, and the associated high productivity, is 
concentrated along the outer shelf and shelf edge, although satellite images have shown 
that plumes and filaments of cold upwelling water (and the associated high 
productivity) can locally extend for hundreds of kilometres offshore (Van Camp et al., 
1991; Gabric et al., 1993). Offshore advection means that the depocentre for most of the 
biogenic detritus is actually on the upper and mid-slope at water depths of ~1000-
1500 m (Fütterer, 1983). Sedimentation rates at these water depths are in the region of 
~10 cm/1000 yrs, for example, a core taken on the mid-slope off Cape Blanc at a water 
depth of 1200 m showed a sedimentation rate over the last 70 kyr of 7-12.5 cm/1000 yrs 
(Martinez et al., 1999). 
 
4.4 Seafloor features observed in the study area 
 
4.4.1 Submarine slides 
 
The Mauritania Slide 
The only major sediment slide observed on the upper slope in the study area is the 
Mauritania Slide (Figure 4.2), which was first noted by Seibold and Hinz (1974) and 
subsequently mapped and described by Jacobi (1976). Two or three poorly defined 
smaller slides associated with upper slope canyons were also mapped by Jacobi (1976) 
just south of the Mauritania Slide, but no evidence of these was encountered during the 
Meteor cruise. Previous work on the Mauritania Slide (Jacobi, 1976) estimated the area 
of seafloor affected by mass movements to be in the order of 34,300 km2, and the total 
volume of excavated material to be about 400 km3. The maximum slope angle in the 
region of the headwall was measured at about 2.5o.  
 A series of PARASOUND profiles collected across the Mauritania Slide as part of 
the present study confirm that the total area affected by the slide is about 34,000 km2, 
and slope angles above the headwall range from 1.5o to 2.2o while those within the slide 
scar range from 0.7o to 1.8o. There is no single headwall at the upper (eastern) slide 
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Figure 4.4: PARASOUND profile across the upper Mauritania Slide, showing mutiple failure
scarps and the bedding-parallel nature of glide planes. For location see Figures 4.1 and 4.2. 
boundary; instead there are a series of stepped headwalls at water depths ranging from 
~1000-2000 m (Figure 4.4). Most of the headwalls are 50-60 m high, although the 
observed height range is from 25-100 m.  
 
 
 Many of the above values are in close agreement with those presented by 
Hühnerbach et al. (2004), who calculated the median values of slide parameters from a 
database of over 100 submarine slides on the open continental margin of the eastern 
Atlantic. The median slope angle for the upper boundary of the studied slides was 2.2o, 
the median water depth was 1175 m, and the median headwall height was 47.5 m. 
However, the Mauritania Slide is considerably larger in volume and areal extent than 
the median values of 30 km3 and 1550 km2, respectively. These data therefore suggest 
that the Mauritania Slide is typical in terms of its location, but is atypical in terms of its 
dimensions.  
 One of the main reasons for the larger dimensions of the Mauritania Slide is that it 
is not a simple, single slide. PARASOUND profiles show that the character of the slide 
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Figure 4.5: PARASOUND profile across the southern margin of the Mauritania Slide
deposit. Note the tongue of debris flow preferentially following topography of a pre-existing
channel, and the contrast between smooth transparent debris flow and adjacent stratified
slope sediments. For location see Figures 4.1 and 4.2. 
 
scar is highly variable, with areas of relatively intact slide blocks interspersed with 
layers of blocky slide debris and thin sheet-like debris flows (Figure 4.4), suggesting 
several phases and styles of failure. However, there is a general downslope change in 
morphology as follows: 1) an upper zone of intact slide blocks separated by tensional 
cracks, 2) a middle zone of thin, blocky slide debris some 25 m thick (Figure 4.4), and 
3) a lower zone consisting of a thick tongue-shaped debris flow deposit (Figure 4.5). 
This debris flow deposit extends some 300 km offshore (Jacobi, 1976) (Figure 4.2), 
although its termination has not been directly observed. Hühnerbach et al. (2004) 
suggest that the total height of a slide, i.e. from the top of the headwall to the toe of the 
deposit, is typically in the order of 1100-1500 m for most eastern Atlantic slides, but 
can reach up to 3400 m for a multiple slide or slide complex. The Mauritania Slide has a 
total height of ~2500 m, which also fits with it being a complex slide. In summary, the 
Mauritania Slide appears to have failed along a series of discrete glide planes as a ‘slab-
type’ failure; there is no evidence of rotational slumping. The large dimensions and 
complex topography suggest it failed in several stages, probably as a retrogressive 
failure.   
 
 
 The Cape Blanc Slide 
A single GLORIA sidescan sonar profile (Figure 4.6) across the continental rise off 
Western Sahara reveals the presence of a major slide in >4000 m of water about 400 km 
west of Cape Blanc (Kidd et al. 1987). In addition, Jacobi and Hayes (1982; 1992) 
mapped a series of slides further upslope from this area, originating at a water depth of 
~2000 m. During Meteor cruise M58/1 two survey lines running perpendicular to the  
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Figure 4.6: GLORIA sidescan sonar image showing a section of the Cape Blanc Slide with 
recent channels cutting into the slide surface. Light tones are high backscatter and dark tones 
are low backscatter. For location see Figures 4.1 and 4.2. 
 
  
slope were chosen to intercept these upper slides (Figure 4.1), but despite surveying 
westwards to a water depth of 3200 m (about 19o10’W) no slide headwall or deposit 
was located. The only evidence for mass movement in this area was a >1.5 m thick 
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Figure 4.7: PARASOUND profile showing the headwall of the Cape Blanc Slide. Note the
layer of draping sediments on top of the slide deposit. Approximate position of core
GeoB1048 is indicated. For location see Figures 4.1 and 4.2. 
debris flow deposit present in the base of a core located at 20o35’N/19o10’W. The top of 
the debris flow is at a depth of 817 cm and preliminary dating suggests the minimum 
age for this event is 180-210 kyr (Schulz and participants, 2003). A nearby core at 
20o31’N/19o09’W contained no evidence of this debris flow.  
 Re-examination of the original GLORIA sidescan sonar and 3.5 kHz profile data 
presented by Kidd et al. (1987) does, however, confirm the presence of a deeper slide 
off Cape Blanc (called the Cape Blanc Slide in this study). The slide headwall is visible 
on older PARASOUND profiles at ~3575 m and is ~25 m high (Figure 4.7), while the 
slide deposit clearly thickens from ~18 m thick just below the headwall to >26 m thick 
some 115 km further downslope. The slope angle of the undisturbed sediments 
immediately above the headwall is 0.47o, while the upper slide deposit has a slope angle 
of 0.24o. Extrapolation of the slide boundary using a combination of the GLORIA and 
PARASOUND data suggests that the area affected by the slide exceeds 40,000 km2, and 
that the overall width of the slide is ~175 km (Figure 4.2). This extrapolation is based 
upon the assumption that the slide ran perpendicular to the slope (Masson, 1994). Note 
that Jacobi and Hayes (1982; 1992) did actually map a combined slide and ‘turbidity 
current pathway’ this far downslope but it was not on the scale of the feature located on 
the GLORIA survey. 
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Geophysical data from the area of the Cape Blanc Slide provide some indication 
for the age of this event. It is clearly incised by a network of distributary channels up to 
30 m deep suggesting it is not a recent (Holocene) feature, especially as most of the 
channels on this margin are believed to have been cut and maintained during glacial 
lowstand conditions (Sarnthein and Diester-Haass, 1977). In addition, on 3.5 kHz 
profiles a thin drape a few metres thick can be seen in places on top of the slide deposit. 
A single core taken from within the slide at 20o54’N/19o43’W confirms that the top of 
the slide is at a depth of 686 cm below the seafloor (Figure 4.8). Close correlation of the 
CaCO3 curve from the pelagic sequence in this core (above the slide deposit) with that 
from an oxygen isotope-dated core outside of the slide scar ~140 km to the SSW (core 
CD53-30 in Matthewson et al., 1995), reveals that the pelagic sediments immediately 
above the slide can be accurately dated at 165 kyr, making this the minimum age for the 
Cape Blanc Slide.  
 
 
 
 
Figure 4.8: Core photo
showing the Cape Blanc
Slide deposit in GeoB 1048.
The dating method is
discussed in the text. For
location see Figures 4.1, 4.2
and 4.7. 
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4.4.2 Canyons and channels  
 
 The Cap Timiris Channel 
One of the most unexpected results of the Meteor cruise was the discovery of a 
spectacular meandering canyon-channel system offshore of Cap Timiris (Figures 4.2 
and 4.9). The Cap Timiris Channel runs westwards from the shelf break to a depth of at 
least 4000 m and is over 400 km long. At one stage it probably continued even further 
offshore but it appears to have been destroyed by the Cape Blanc Slide (Figures 4.2 and 
4.6). The upper part of the system is composed of a series of dendritic canyons and 
gullies up to 150 m deep that cut back to the shelf break. These gradually merge 
downslope into one main channel at just over 2000 m water depth; further downslope 
this main channel becomes deeply incised and is up to 275 m deep in places 
(Figure 4.9). Levees are poorly developed indicating that most flows are confined 
within the channel and do not overspill. HYDROSWEEP multibeam bathymetry reveals 
a highly complex sinuous and meandering morphology, very similar to that shown by 
surface and subsurface meandering slope channels further south along the west African 
margin, off Nigeria, Gabon and Angola (e.g., Wonham et al., 2000; Kolla et al., 2001; 
Babonneau et al., 2002; Droz et al., 2003). A single cut-off meander can be seen on the 
multibeam bathymetry data at about 2700 m water depth (Figure 4.9), and other features 
such as intra-channel terraces are also visible. 
Although the end of the channel was not reached during the Meteor survey, a 
subsequent cruise in autumn 2003 collected a single PARASOUND profile across the 
lower slope and encountered a 100 m deep channel-levee with overbank sediment 
waves at about 20o25’N/20o35’W (Figure 4.2). Analysis of the most recent GEBCO 
bathymetry of the region (Figure 4.1) suggests that this channel represents the 
downslope continuation of the Cap Timiris Channel, and indicates that flow overspill 
becomes more important downslope as channel depth decreases. Analysis of GLORIA 
sidescan sonar and 3.5 kHz profiles across the Cape Blanc Slide show that the slide 
surface has been incised by several channels, including one that is ~25 m deep 
(Figure 4.6). It seems likely that one or more of these channels represent the present-day 
continuation of the Cap Timiris Channel. It should also be noted that there is also a 
network of shallow channels running from 20oW/19oN to 20o30’W/20oN (Figures 4.2  
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Figure 4.9: Plan view image showing HYDROSWEEP multibeam bathymetry of the Cape 
Timiris Channel. For location see Figures 4.1 and 4.2. Three inset images show enlarged
sections of HYDROSWEEP bathymetry together with multi-channel seismic sections across the 
channel. Lower right inset shows locations of cores GeoB 8508 and 8509 shown in Figure 4.10.
 
and 4.6). This braided distributary channel network was mapped by Kidd et al. 
(1987)using GLORIA sidescan sonar and, although it cannot be traced with confidence 
below 4000 m water depth, it may continue north-westwards and merge with the Cap 
Timiris Channel (Figure 4.2). 
 Along the Cap Timiris Channel eight sediment cores were recovered from levee 
and intra-channel terrace positions (Schulz and participants, 2003). An unexpected 
recovery was a 9 m long sediment core, GeoB 8509 (19°27’N and 18°05’W) from the 
main channel (Figure 4.9), which consists one half each of olive-grey hemipelagic mud, 
and intercalated turbidites. This sediment record documents continuous turbidity current 
activity over the past 13 kyr (Holz et al., Chapter 6). In contrast, deposits from the 
northern levee site GeoB 8507 show a condensed fine-grained sediment sequence that 
reaches back in age to the Pleistocene (Wien et al., in prep.). These levee deposits are 
intercalated by single pre-Holocene turbidites (Figure 4.10). 
 
Other canyons and channels 
There is a large concentration of upper slope canyons and gullies extending south from 
Cap Timiris as far as the northern margin of the Mauritania Slide, between 19o20’N and 
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Figure 4.10: Core photos and interpretation showing
abundance of turbidites in the sediment sequence
recovered from 1) the base of the Cap Timiris Channel
(core GeoB 8509) and 2) the adjacent channel levee (core
GeoB 8507). 
18o20’N (Figure 4.2). These 
incisions are typically between 
50 and 150 m deep (with 
exceptions up to 250 m deep) 
at water depths of 1000-2000 
m (Figure 4.11), and have a 
close spacing of up to 10 
canyons per 100 km at the 
2000 m isobath. In between are 
numerous small gullies <25 m 
deep (Figure 4.11), which are 
roughly spaced a kilometre 
apart at the 2000 m isobath. 
Further downslope the canyons 
and gullies merge and open out 
into shallow channels, often 
with adjoining depositional 
levees. These channels are all 
<70 m deep at a water depth of 
3000 m. To the north and south 
of this highly incised section of 
slope there are relatively few canyons and channels, e.g. a spacing of three canyons per 
100 km between 21oN and 22oN at water depths of 1000-2000 m (with no gullies 
present between the canyons). Of those canyons and channels which were mapped in 
these areas, they appear to show similar characteristics to those observed in the highly 
incised section. 
 
4.4.3 Erosional furrows and cold-water coral reefs 
 
Erosional furrows aligned roughly parallel to the bathymetric contours were located in 
two areas, and are interpreted to be formed by alongslope bottom currents. On the 
northern flank of the ridge extending westwards from Cape Blanc is an erosional furrow 
at ~1400 m water depth (Figure 4.2). This feature can be traced alongslope for ~60 km, 
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Figure 4.11: PARASOUND profile showing close spacing of gullies on the upper slope,
adjacent to a deep canyon. For location see Figures 4.1 and 4.2. 
Figure 4.12: PARASOUND profile showing a
bottom current erosional furrow on the upper
slope. Note the truncation of stratified
reflectors on the (upslope) southern margin of
the furrow. For location see Figures 4.1 and
4.2. 
 
but it is not present on the southern flank 
of the ridge or further to the north beyond 
21oN. The southern margin of the furrow 
consists of a 100-125 m high erosional 
scarp, with truncated reflectors clearly 
visible on PARASOUND profiles (Figure 
4.12).  
Two erosional furrows (or moats) are 
present either side of a cold-water coral 
reef that extends alongslope for at least 
50 km at a water depth of 400-500 m, just 
upslope from the Mauritania Slide 
headwall (Figure 4.2). These furrows are 
up to 30 m deep. The coral reef separating 
the two furrows is up to 100 m high and 
500 m wide (Figure 4.13). A box core was 
recovered from near the reef crest, and 
contained a talus of dead Lophelia coral 
and associated benthic biota (Figure 4.13).  
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Figure 4.13: PARASOUND profile showing a
deep-water coral reef and flanking moats on the
upper slope above the Mauritania Slide headwall.
Inset photo shows dead Lophelia and associated
benthic fauna recovered in a box core taken from
near the reef crest. For location see Figures 4.1 and
4.2. 
 
Figure 4.14: PARASOUND profile showing a
mid-slope diapiric structure. Comparison with
similar features further south on the west African
margin suggests that this is probably a mud diapir.
For location see Figures 4.1 and 4.2. 
 
4.4.4 Diapiric structures 
 
Only a small number of diapiric structures were located on PARASOUND profiles, 
mostly in the south of the map area offshore of Senegal (Figure 4.2). The largest diapir 
in this southern area is 25 m high and 1000 m wide (Figure 4.14). None of the diapirs 
were sampled, so their mode of origin (i.e. salt or mud expulsion) is presently unknown.  
A larger diapiric structure is 
also present just north of the 
Mauritania Slide Complex in a water 
depth of about 2800 m. It was not 
surveyed during this study, but its 
apparently large size and isolation 
from similar structures suggests it is 
most likely related to salt diapirism 
(Rona, 1969), as opposed to fluid 
mud expulsion or basement topo-
graphy. 
 
4.5 Controls on distribution of 
seafloor features and implications 
for geohazard assessment 
 
Potential geohazards offshore 
Mauritania include downslope gravity 
currents and submarine slides, 
alongslope bottom currents, biogenic 
structures and diapirism. Sufficient 
data were collected during the Meteor 
cruise, and as part of earlier studies, to 
be able to assess the controls on 
distribution of these features, and to 
discuss the implications for geohazard 
assessment.  
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4.5.1 Downslope processes (submarine slides) 
 
Large-scale submarine slides are probably the most important potential geohazard in the 
region as, although not temporally frequent, they are unpredictable and affect large 
areas of seafloor. The two slides discovered to date do not appear to be linked to any 
obvious seafloor features, e.g. fault scarps, and the headwalls are at different water 
depths. Jacobi (1976) suggested that the location of the Mauritania Slide Complex may 
be linked to the presence of east-west trending fracture zones (Hayes and Rabinowitz, 
1975), which could act as a focus for earthquake activity or faulting on this section of 
margin. A more likely explanation is that the slope above the slide headwall is not 
incised by large numbers of gullies and canyons, unlike the slopes to the north (and 
south). This means that, prior to failure, slope sedimentation on this section of margin 
was relatively unaffected by turbidity currents and small-scale mass movements. 
Consequently, as this is a generally aseismic continental margin, fine-grained 
pelagic/hemipelagic sediments would probably have been able to accumulate without 
disturbance over a long time period. In addition, given the high primary productivity 
associated with upwelling, sedimentation rates may have been quite high (~10-
20 cm/1000 yrs). As a result, a thick sedimentary sequence would have been allowed to 
accumulate rapidly without disturbance over a large area. Although the trigger 
mechanism is unknown, the age of the slide (~10.8-10.4 kyr BP) would suggest it is in 
some way linked to sea-level rise at the end of the last glacial period. 
 Another interesting feature of the Mauritania Slide is that the headwall appears to 
coincide with a Lophelia reef and its associated moats. Although the age of the reef 
structure is unknown, it seems possible that this feature may have acted as a barrier to 
continued upslope retrogression of the slide, by stabilising or anchoring the seafloor 
sediments in a similar fashion to vegetation on a hillside. Therefore the position of the 
slide headwall may be related to the cessation of retrogression due to a pre-existing 
seafloor structure stabilising the sediment pile. It is also notable that the uppermost 
headwall is close to the average headwall depth for east Atlantic margin submarine 
slides of 1175 m, as calculated by Hühnerbach et al. (2004). 
Interestingly, the current focus of hydrocarbon exploration offshore Mauritania is 
actually centred directly upon the Mauritania Slide! Indeed, the first significant 
discovery on the margin, the Chinguetti Field, was made by Woodside in Block 4, 
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directly over the slide scar. The first well drilled in this field encountered a 90 m oil 
column in Miocene sands, and at the time of writing Woodside plans to establish a 
50,000-75,000 barrel a day production operation by 2006. 
Further north, the Cape Blanc Slide also occurs on a section of the slope that is 
relatively unaffected by downslope processes such as turbidity currents. The headwall 
of this slide is unusually deep (3575 m) and lies over 200 km offshore of Cape Blanc. 
However, studies on the continental slope off Cape Blanc have shown that, of the whole 
northwest African margin, it is this section that receives the largest input of pelagic 
sediment due to the elevated primary productivity (Van Camp et al., 1991). Offshore 
advection means that the depocentre for most pelagic sediment off Mauritania is located 
on the upper and mid-slope at water depths of ~1000-1500 m (Fütterer, 1983). 
However, in the Cape Blanc region, plumes and filaments of cold upwelling water can 
locally extend for hundreds of kilometres offshore (Van Camp et al., 1991; Gabric et 
al., 1993), meaning that the depocentre for pelagic sediment may have shifted to the 
lower slope to water depths >3000 m. Consequently, as with the Mauritania Slide, a 
large pile of fine-grained sediments could have accumulated rapidly in the region of the 
slide headwall. Overall, the age and location of the Cape Blanc Slide, and the lack of 
evidence for slide remobilisation, suggest that this feature does not have significant 
geohazard potential at the present day. 
 
4.5.2 Downslope processes (turbidity currents) 
 
The largest concentration of turbidity current canyons and channels is situated between 
18o and 20oN (Figure 4.2). Recent turbidity activity of the Cap Timiris Channel is 
discussed in Chapter 6 of this thesis. 
 
4.5.3 Alongslope processes (bottom currents) and biogenic structures 
 
The lack of regular bottom current features, e.g. sediment waves (Wynn and Stow, 
2002) and contourite drifts (Faugères et al., 1999), observed during the Meteor cruise 
indicates that bottom currents are unlikely to have much influence on regional seafloor 
sedimentation at the present day. However, in areas where bottom currents are focussed 
due to topography they become a locally important geohazard, capable of scouring the 
seafloor and generating erosional furrows. The two examples of erosional furrows 
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presented here (Figures 4.12 and 4.13) both occur in areas where bottom currents are 
constrained by seafloor topography. The linear furrow west of Cape Blanc is at a water 
depth that would place it within the southward-flowing NADW, and the presence of a 
major E-W trending topographic ridge in this location has presumably diverted this 
current to the west and intensified its flow along the northern ridge flank. This would 
explain the observed asymmetric furrow morphology (Figure 4.12), with erosion 
concentrated on the inner (southern) wall of the furrow. Similar furrows have been 
observed further to the north off Western Sahara, where the normally sluggish AABW 
is funnelled between the Saharan Seamounts (Jacobi and Hayes, 1992). 
The furrows associated with the Lophelia reef above the Mauritania Slide 
headwall (Figure 4.13) are interpreted to be moats generated by intensified bottom 
currents running along the edge of the reef. Similar moats have been described from the 
margins of Lophelia reefs elsewhere in the North Atlantic (e.g. Porcupine Basin, 
Huvenne et al., 2003). The location of the reef itself is at the interface between two 
water masses; the northward-flowing SACW and the southward-flowing NACW. 
However, it is not known whether this is a key control on the reef location, or if other 
factors such as internal tides (Kenyon et al., 2003) or hydrocarbon seeps are also 
important in this location (Hovland and Risk, 2003). 
 
4.5.4 Sediment/fluid mobilisation processes (diaparism) 
 
The lack of ‘ground-truth’ data, e.g. cores, seafloor photographs, dredge samples, 
collected from the diapiric structures in the study area (Figure 4.14) means that at the 
present time their geohazard potential cannot be accurately assessed. Their rugged 
topography means they will generally be avoided by seafloor infrastructure; 
nevertheless it is still important to establish whether they are currently expelling fluid 
mud and/or associated hydrocarbons onto the seafloor. 
 
4.6 Conclusions and future research 
 
Seafloor mapping of the Mauritania margin has revealed a wide variety of seafloor 
features, which are generated by downslope mass movements and gravity flows, 
alongslope bottom currents, diapirism and biogenic processes. The largest observed 
features are landslides that have each affected over 30,000 km2 of seafloor. The Cape 
Blanc Slide is not considered to be a significant geohazard at the present day as it has a 
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minimum age of ~165 ka and shows no evidence for recent remobilisation. In contrast, 
the Mauritania Slide is much younger (~10.8-10.4 kyr) and occurs in an area of active 
hydrocarbon exploration and production on the upper slope. It should therefore be 
considered as a significant potential geohazard, although more research is required to 
establish whether there is evidence for recent remobilisation or instability both in the 
slide scar and on adjacent slopes.  
 
Turbidity current activity on the margin is evidenced by numerous gullies, canyons and 
channels, particularly between 18o-20oN. However, since the adjacent Sahara Desert 
became hyper-arid at ~6 ka, terrigenous sediment supply to the outer shelf has been 
restricted and most of these conduits are therefore thought to be inactive. However, 
more sampling work on the shelf is required to establish the importance of wind-blown 
terrigenous input, and whether this material can be transported to canyon heads on the 
outer shelf. Bottom currents on the margin are generally sluggish at present, although 
local topographic restriction of southward-flowing NADW may lead to significantly 
increased flow velocities in certain areas. This has led to development of erosional 
furrows in two areas: on the north flank of a ridge offshore of Cape Blanc and adjacent 
to a deep-water coral reef above the Mauritania Slide. Diapiric structures, probably mud 
diapirs, were discovered in the south of the map area, but a lack of samples from these 
features means their genesis cannot be attributed to a specific process.  
 
Future work in the region should concentrate on 1) the present-day stability of the 
Mauritania Slide and adjacent slopes, 2) the potential for along- and cross-shelf 
transport of eolian-supplied terrigenous sand into canyon heads, 3) measurement of 
bottom current velocities in areas of topographic constriction, and 4) genesis of diapiric 
structures and investigation of any associated fluid flow. Two new University of 
Bremen/UK-TAPS cruises are already planned for future years to investigate the second 
of these points, including the connectivity of the Cape Timiris Channel to buried fluvial 
channels on the shelf and adjacent continent.  
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5.1 Abstract 
 
Intensive research over the past decades has greatly improved our understanding of 
processes operating in the deep ocean. There has been a particular focus on continental 
margins, as sediments deposited in these areas can provide a high-resolution record of 
past climatic changes, as well as serve to host some of the world’s major hydrocarbon 
reservoirs. However, the exploration and understanding of the deep ocean remains one 
of the great challenges of the 21st century (Stow and Mayall, 2000), and many 
fascinating features still wait to be found.  
The potential for new deep-water discoveries was recently highlighted during 
Meteor cruise M58/1 (depart Dakar, Senegal, 12 May 2003) of the Research Center 
Ocean Margins at the Universität Bremen in Germany. A spectacular 400-km-long 
submarine meandering channel system was discovered off Mauritania. In this article, 
the system is called the Cap Timiris Canyon (Figure 5.1). Although a series of 
incisional gullies at the shelf break and uppermost slope have been described before 
(e.g., Rust and Wienecke, 1973), the enormous size and complex morphology of this 
submarine channel system were previously unknown. This discovery is unique, as it 
appears to represent the first channel system of this scale – several hundreds of 
kilometers long and ~300 m deep - to be described from offshore of a desert region. 
Commonly, large-scale submarine channels occur offshore of major river-mouths and 
form large fan complexes(e.g., Amazon, Mississippi, Zaire, and Indus Fans), whereas 
the isolated Cap Timiris Canyon is located offshore of the Sahara desert within an arid 
climatic zone. By studying how the morphology and sediment fill of Cap Timiris 
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Canyon have evolved potentially in response to climatic variations, we may be able to 
better understand how the adjacent desert region has evolved through the past hundred 
thousands of years. 
An additional incentive for this study is that flow processes operating in deep-
water meandering channels are poorly understood. Most previous studies have assumed 
that turbidity currents are the dominant means of transporting sediment through these 
long-distance conduits (Peakall et al., 2000a), although studies of distal sections of 
some meandering channels have revealed that debris flows may also be important 
(Schwab et al., 1996). This article uses geophysical imagery of Cap Timiris Canyon, 
illustrating plan form morphology and vertical evolution, as well as sediment 
information, to provide insights into the flow processes responsible for generating and 
maintaining the channel-system. 
 
5.2 Morphology of Cap Timiris Canyon 
 
The first crossing of Cap Timiris Canyon during the M58/1 cruise came during a transit 
from Dakar, Senegal to a more northerly study area off Cape Blanc, Mauritania. At 
19°15’N, 18°56’W the ship crossed a ~270-m-deep and 2.5-km-wide submarine 
canyon, which was not marked on available bathymetric charts. Since the main 
objective of the cruise was the investigation of gravity-driven sediment transport 
processes in the region, and a canyon of this scale would likely play an important role in 
this process, the decision was made to map this canyon in detail. First, the ship followed 
the course of the canyon upslope using just a single multi-beam bathymetry track. 
Although ultimately successful (Figure 5.1), this approach required some inspired ship 
steering to ensure that the canyon remained in sight. Next, the canyon was crossed at 
numerous locations in order to collect a series of seismic profiles, and additional 
bathymetric data. In total, the canyon was mapped over a length of 215 km, from the 
shelf break down to ~3000 m water depth (Figure 5.1). 
The upper part of Cap Timiris Canyon is composed of a series of dendritic gullies up to 
150 m deep that cut back to the outer shelf. Though it is not easy to trace these 
tributaries due to the incomplete bathymetric data coverage, but there appear to be eight 
main tributaries of similar dimensions (Figure 5.1). These tributaries gradually merge 
downslope into one main canyon at just over 2000 m water depth and at a distance of. 
~55 km from the shelf break. Beyond this point, the average canyon depth is 250-300 m  
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with typical widths of 2-3 km, although the canyon widens to 7.5 km at two locations 
Alternations between relatively straight and highly meandering sections are visible 
(Figure 5.1). Sinuosity values are generally 1 to 2, but may reach 4 in places. A cut-off 
loop was found ~150 km downslope from the shelf break; its depth is 170 m compared 
to the main canyon depth of 275 m, indicating that it is partly refilled with sediments 
and therefore inactive. A confluence of the main with a subordinate channel can be 
observed at the basin-ward end of the mapped area (Figure 5.1). 
The main channel-system probably proceeds for at least 250 km farther to the 
northwest beyond our survey area, as indicated by the most recent GEBCO (General 
Bathymetrie Chart of the Oceans, 2003) bathymetry of the region (Figure 5.1). In 
addition, a single multi-beam bathymetry and echo sounder line collected during RV 
Polarstern cruise ANT XXI/1 (depart Bremerhaven, Germany, 22 October 2003, return 
Cape Town, South Africa, 15 November, 2003) crossed the channel system at 20°26'N, 
20°35’W, some 200 km northwest of our survey area. In this relatively distal location, 
the channel system is still about 100 m deep and 3 km wide, while the presence of well-
developed levees with overbank sediment waves contrasts with the highly incised 
character of the proximal channel system and poorly developed levees. This indicates 
that flow overspill becomes more important downslope as channel depth decreases from 
270 m to ~100 m, and it also demonstrates that turbidity currents >400 km from source 
can still be >100 m thick. 
 
5.3 Sedimentary processes and deposits of Cap Timiris Canyon 
 
Eight sediment cores up to 15 m long were recovered from the main canyon floor, intra-
canyon terraces, and the adjacent slope outside of the channel system. The main aims 
were to provide insights into the dominant sediment transport and depositional 
processes, and to allow construction of a chronostratigraphic framework. All cores 
contain sand/mud turbidites interbedded with fine-grained hemipelagic sediments. 
However, the dominance of turbidites rapidly decreases going from canyon floor to 
terrace to open slope environment, indicating that turbidity currents were highly 
confined on this section of the continental margin. 
Gravity core GeoB 8509 (Figure 5.2) highlights the dominance of turbidite 
deposits in the deepest part of the canyon (Figure 5.1). Fifty percent of this 9-m-long 
core consists of turbidites. The highly mature sediment composition in most turbidite 
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bases (almost completely dominated by quartz) would fit well with a Sahara desert 
source; the presence of foram-rich turbidites indicates that either the outer shelf or the 
upper slope also feed sediments into the channel system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.4 Evolution of Cap Timiris Canyon 
 
Data from Meteor cruise M58/1 provide some indication of the evolution of Cap Timiris 
Canyon, which appears to have been initiated and maintained by a major river system in 
the past. Seismic profiles show shallow incised valleys on the outer shelf in the Cap 
Timiris area, providing clear evidence for a river system extending to the shelf break 
during lower sea level. In addition, Vörösmarty et al. (2000), using topographic analysis 
of potential drainage systems, postulated that the mouth of a large river system (called 
Tamanrasett River) was located close to Cap Timiris. Such a major river system would 
have transported large amounts of sediment to the upper reaches of the Cap Timiris 
Canyon. Seismic profiles reveal that the active channel system is deeply incised into 
Figure 5.2. Description
of core GeoB8509. Fifty
percent of this core
consists of turbidites. The
photo-graph shows a
typical normal-graded
turbidite with a sandy
base. The location of this
core is marked in
Figure 5.1. 
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high-amplitude sheet-like facies that in many cases gradually thin away from the 
channel system (Figure 5.3). This suggests that the first input of coarse clastic sediments 
onto the margin was as an elongate sandy sheet a few tens of kilometers wide. Seismic 
data show that the sheet was cut by small distributary channels, probably forming a 
braided network. After a while, either through self-organization or a change of input 
conditions, this sheet-like system transformed into a single main channel system that 
began to deeply incise into the sheet sands and underlying slope sediments. Further 
analysis of seismic data will hopefully provide insights into the nature of this 
transformation and the implications for interpretation of the climatic regime on the 
adjacent landmass.  
The minimum age of Cap Timiris Canyon is constrained by a major sediment slide 
that onlaps the levees of the distal channel system; this slide has been dated at ~170 kyr, 
giving a minimum age for the channel system. The incised valleys on the shelf 
identified during this study are surely younger. The fact that this channel system has 
been in place since at least ~170 kyr on the one hand, and indications of much younger 
incised valleys on the shelf on the other hand, suggests that any fluvial feeder system 
may have been active during several intervals, indicating several phases of a humid 
climate in this region in the past and therefore also several phases of a “green” Sahara 
desert. 
 
 
 
 
Despite the absence of fluvial input during the present interglacial, sediment 
transport in the form of turbidity currents seems to keep the channel system active and 
open at the present time. Turbidity currents generated during interglacial periods are 
probably supplied by cross-shelf transport, aided by upwelling-induced high 
Figure 5.3. Seismic profile GeoB03-035 showing a cross section of Cap Timiris canyon. 
The canyon is deeply incised in a high-amplitude sheet-like facies and underlying slope 
sediments. The location of the profile is marked in Figure 5.1. 
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sedimentation rates. In addition, large volumes of wind-blown sediment are transported 
offshore from the Sahara desert (Wefer and Fischer, 1993). 
Several questions remain open at the present time regarding the linkage between 
the Cap Timiris Canyon and the Sahara desert. Ongoing analysis of geophysical and 
sedimentological data will provide further insights into how channel morphology and 
sediment fill have evolved, and therefore how the adjacent land region has developed. 
To further address these questions, two additional cruises are planned for 2005 in the 
Cap Timiris Canyon area. A cruise organized by the Research Center Ocean Margins at 
Universität Bremen will target the linkage between the upper channel system and the 
shelf history, while a cruise organized by the Southampton Oceanography Centre will 
look at the entire channel-system morphology and flow processes in more detail. 
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6.1  Abstract 
 
Based on a high-resolution sediment record (~210 years average sample distance) from 
the channel floor of a submarine meandering channel system off NW Africa, we 
distinguish two phases of turbidity current activity during the past thirteen thousand 
years and relate them to deglacial rising sea level and Holocene climate variability, 
respectively. The recently discovered vast Cap Timiris Canyon is unique in that it is 
located offshore a present-day hyper-arid desert region. All the more astonishing, this 
channel system was not only active throughout the Holocene with its stable sea level 
and without a river connection. It also monitors a distinct (quasi-) periodic turbidity 
flow pattern with a recurrence time of 900 ± 200 years. Discarding (i) an improbable 
coincidence of rhythmic single slope failures and submarine tributary supply, displaying 
(ii) the observed periodicity in turbidity current activity, and excluding (iii) usually 
resorted triggers for turbidity currents for this depositional system, leads to the 
significant assumption whether a previously unrecognized climate-related coupling is 
active. 
 
Keywords: turbidity current, sea-level change, climate variability, submarine canyon, 
Holocene, NW Africa  
 
6.2  Introduction 
 
Submarine canyons serve as efficient conduits for significant amounts of sediments 
from the ocean margins into the deep-sea basins and have an important function in 
global sediment and carbon cycles, and for hydrocarbon exploration. Conventionally, 
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various forces have an effect on continental-slope stability through three principle 
mechanisms: 1) sediment supply (by fluvial input, marine production, reworking 
transport processes), 2) physical stress (by earthquakes, sediment overload, slope over-
steepening), and 3) changing pore pressure (by sea-level fluctuations, internal waves), 
and thus are generally considered to trigger turbidity currents. Sediment records indicate 
that turbidity current activity is mostly initiated at oxygen isotope stage boundaries, i.e. 
during periods of rapid and major sea-level rise or fall (e.g. Weaver and Kuijpers, 1983; 
Wynn et al., 2002). However, some sea-level controlled channel systems appear to have 
been active during low sea levels (Shanmugam and Moiola, 1982; Stow et al., 1985), 
and others during sea-level highstands (Khripounoff et al., 2003; Zaragosi et al., 2000) 
as well. 
Whilst the above mentioned forces are frequently proposed as responsible for 
gravity mass-movement events, although rarely proven, relations between turbidite 
activity and climate variability have, to our knowledge, never been documented up to 
now. However, climate models and proxy records indicate that Holocene climate was 
more variable than commonly anticipated (Bond et al., 2001; Ganopolski et al., 1998; 
Schulz and Paul, 2002). It is supposed that changes in vegetation cover during mid-
Holocene times, for instance, modify and amplify the climate-system response to an 
enhanced seasonal cycle of solar insolation in the Northern Hemisphere, which means 
an important atmosphere-vegetation feedback for the subtropics (Ganopolski et al., 
1998). 
Most well-studied submarine channel systems are located under strongly humid 
conditions offshore large drainage areas, like the Amazon, Indus or Ganges-
Brahmaputra systems (Flood and Piper, 1997; Kudrass et al., 1998; Pirmez and Imran, 
2003; von Rad and Tahir, 1997). Mass transport into the deep sea along the passive 
continental margin of NW Africa is well-known for the area north of 26°N (Weaver et 
al., 2000; Wynn et al., 2002). Evidence for frequent turbidity flow activity is also 
provided for the region off Cape Blanc during late Miocene and early Pleistocene times 
(Faugères et al., 1989; Sarnthein and Diester-Haass, 1977). Though Seibold and Hinz 
(1976) have shown evidence for canyon-like incisions along the continental slope off 
the Banc d’Arguin, the Cap Timiris Canyon, a huge submarine meandering channel 
system off Mauritania (Figure 6.1), was discovered only recently (Krastel et al., 2004). 
Its existence appears somehow surprisingly since hyper-arid climate conditions of the  
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Sahara desert belt are assumed for late Quaternary times. Nevertheless, high 
sedimentation rates characterize the NW African continental margin from upwelling-
intensified marine production as well as from high aeolian sediment supply from the 
Sahara desert (deMenocal et al., 2000a). 
Here, we present data of a high-resolution sediment record (Gravity core GeoB 
8509-2, 210-years average sampling resolution) from the channel floor of the Cap 
Timiris Canyon. 
Former studies comprise several glacial-interglacial cycles (e.g. Weaver and 
Kuijpers, 1983) or focus on modern downslope events in highly active systems with 
large fluvial supply (e.g. Curray et al., 2003; Kudrass et al., 1998). Our high-resolution 
record, in contrast, indicates turbidity flow activity on sub-millennial timescales over 
the past 13 kyr (calibrated thousands of years before present; 1950), and shows a clear 
cyclicity, suggesting a previously unrecognised, namely a climate-related trigger 
mechanism is active. 
 
Figure 6.1: The maps of the investigation area off Cap Timiris, Mauritania outline
the pathway of the investigated submarine meandering channel system. Contours
spacing is 200 m of the overview map and 20 m for the detail map. Maps are
created using Generic Mapping Tools (Wessel and Smith, 1991) and General
Bathymetric Chart of the Oceans (GEBCO, 2003). Gravity core GeoB 8509-2
(19°27’ N; 18°05’ W) was retrieved from the canyon floor at a water depth of
2585 m during cruise M58/1 with the german RV ‘Meteor’ (Schulz and participants,
2003). At this location the canyon incise a 4 km wide basin, while canyon
topography narrows ~2.5 km downslope the core location to one third. As a
probable consequence transport energy is reduced and turbidites accumulate in this
part of the canyon. 
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6.3  Observations 
 
Figure 1 shows the Cap Timiris Canyon and the location of sediment core GeoB 8509-2 
recovered from the channel floor. The sediments consist one half each of olive-gray 
hemipelagic mud and intercalated coarse-grained fining-upward turbidite deposits as 
well as fine-grained fallout from muddy turbidity currents (Figure 6.2). Based on visual 
description and radiographies, turbidites of 2 to 40 cm thickness are distinguished from 
the autochthonous hemipelagic sediments. Age control is provided by nine accelerator 
mass spectrometer (AMS) 14C-datings of the planktonic foraminifer G. ruber (see 
supplementary). Frequent turbidite emplacement and highest sedimentation rates up to 
105 cm/kyr are confined to the last deglaciation (Figure 6.3). Prior to the Younger 
Dryas (12.5-11.5 kyr BP, Broecker et al., 1988), clay content and sand/mud-ratio of the 
hemipelagites are generally low (Figure 6.3). A significant change in sediment 
parameters occurs in the early Holocene. The carbonate content of the hemipelagites 
increases and the sand/mud-ratio decreases. Simultaneously, sedimentation rates are 
drastically reduced, although they are with 30 cm/kyr in average some tenfold higher 
against normal oceanic conditions. Turbidites become, compared to deglaciation, less 
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Figure 6.2: Carbonate content
and sediment texture of sediment
core GeoB 8509-2 are shown
versus core depth. White parts
represent hemipelagic sediments
of the core, while different gray
shading and fill pattern characte-
rize specific turbidite types: light
gray = carbonate-rich; black dot-
ted = very fine-grained, some-
times with foraminifers at the
base; dark gray = fining-upward
turbidites; layers marked with a
question mark do not display
ideal fining upward sequences,
but very fine grained, mostly re-
worked turbidite layers  
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frequent with the onset of the Holocene (Figure 6.3). Turbidite emplacement occurs 
episodically centered at 10.8, 10.0, 9.1, 8.0, 7.1, 6.2, 4.7, 4.4?, 3.8, 2.3, 1.3 kyr, whereas 
the youngest event happened just 0.5 kyr ago. The hemipelagite record gives evidence 
that turbidite occurrence during late Holocene is often preceded by a certain low in 
carbonate content (Figure 6.3). Moreover, changes in the type of turbidite are 
recognized from deglaciation to late Holocene. Turbidites represent typical quartz-rich 
fining-upward sequences from 13 to 11 kyr, while mud turbidites, occasionally with 
thin basal foraminifer layers, are predominant from 11 to 3 kyr. Late Holocene 
turbidites represent again fining-upward sequences, but with finer grain size and 
significantly higher carbonate content compared to those prior to 11 kyr (Figure 6.2). 
 
6.4  Discussion 
 
For the Cap Timiris Canyon two phases of turbidity current activity are distinguished. 
(1) Frequent turbidity current activity from 13 to 11 kyr is assuredly linked to the 
deglacial sea-level rise, in whose progress the paleo-coastline retreat advanced to a 
position critical for continuous sediment export from the shelf beyond the shelf break. 
The lower sea level is supported by the early coarse and quartz-rich turbidite 
occurrence. (2) Less frequent but rhythmically recurrent turbidity flows occur over the 
Holocene. Forces being considered as trigger for gravity-driven transport in other 
channel systems, that remained active during times of high and approximately stable sea 
level (Khripounoff et al., 2003; Zaragosi et al., 2000), are improbable for being 
responsible for the activity of the Cap Timiris Canyon. (i) This system is not fed by an 
active river system. Based on grain-size analysis of the terrigenous silt (own unpubl. 
data), the potential, topography-deduced Tamanrasett River (Vörösmarty et al., 2000) 
was non-discharging off Mauritania during the Holocene. Therefore, it can be excluded 
that the turbidity currents are initiated by fluvial supply. (ii) Merely regarding the 
regularity of the turbidite events, seismic activity as trigger for gravity transport appears 
to be very unlikely. (iii) Periodically enhanced orbital-induced internal tidal waves 
(Keeling and Whorf, 2000) are also improbable as trigger due to a different cyclicity. 
(iv) Episodic turbidity current activity could in principal result from coincidental 
sediment failures along the channel walls or from occasional sediment supply through 
the different tributaries (autocyclicity), gathering material from the continental shelf. 
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However, the observed periodicity requires tributary discharge every 9,000 years 
(assuming a 10-gullies tributary system) at improbable, namely extremely rhythmic 
intervals. 
Conspicuous for the Cap Timiris Canyon system is the change in turbidite 
frequency with the beginning of the Holocene (Figure 6.3). These episodic turbidite 
flows recur every 900 ± 200 years. However, this cyclicity might even be extended prior 
to 11 kyr and solely masked by higher turbidite activity. Finer grain sizes and higher 
carbonate content of Holocene turbidites suggest their relation to changes of the African 
climate during early Holocene. Aeolian sediment supply, for instance, was reduced by 
47% relative to modern conditions during the early Holocene (deMenocal et al., 2000a). 
Focusing on short-term Holocene climate variability around the North Atlantic realm, 
pronounced periodicities are described (e.g. Bianchi and McCave, 1999; Bond et al, 
2001; Schulz and Paul, 2002), that define basic cyclicity of 400-500 and 900-1,000 
years, respectively. Moreover, paleo-climate records off Morocco show periodicities of 
900 years (Kuhlmann et al., 2004) and also 1,500-years ‘peak-pacing’ off Cape Blanc 
(deMenocal et al., 2000b). The question about origin of this 900-years cyclicity is not 
satisfactorily answered yet, although an atmosphere-ocean coupling is obvious. Its over-
regional implications, for instance a connection between the subpolar and the 
subtropical North Atlantic (deMenocal et al., 2000b), are not understood. Additionally, 
the 65°N insolation curve contains a 900-years component (Loutre et al., 1992) and the 
Cap Timiris turbidite events seem to coincide with insolation minima. Some studies 
attribute Holocene climate oscillations to this solar forcing (e.g. Bond et al., 2001), 
others discuss besides the solar irradiance, internal climate changes as alternative 
plausible cause (Schulz and Paul, 2002). However, since causes and effects appear to be 
complexly interactive, detecting the forcing mechanisms for the 900-years cyclicity in 
our turbidite record is difficult. DeMenocal et al. (2000b) attribute periodically 
recurrent Holocene cooling events observed offshore Mauritania to ocean circulation 
changes, i.e. the relative strength of the Canary Current. These changes in the current 
regime may induce slope instabilities as well as sediment failures by lateral sediment 
transport along the shelf that are sucked in by the canyon tributary system which cuts 
into the shelf break. This evidence is supported by the higher carbonate content 
although the study area appears to be located slightly out of the Canary Current.  
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6.5  Summary and Implications 
 
A detailed sediment record covering the past 13 kyr of a submarine channel system 
offshore Cap Timiris indicates (1) frequent turbidity current activity linked to deglacial 
sea-level rise and (2) less frequent but rhythmically recurrent turbidity flows throughout 
the entire Holocene. Even more important, distinct recurrence times of (quasi-) periodic 
turbidites imply a probable relation to Holocene climate variability. A similar cyclicity 
at centennial-to-millennial timescales was also suggested by spectral analyses of various 
marine and ice core proxy records in the North Atlantic realm, and by insolation. 
Besides this 900-year cyclicity in our turbidite record, selected turbidites appear to be 
coincident with prominent cold phases as the 8.2-kyr cooling event and the rapid 
temperature decrease for AD 1460-1480 - the Spörer Minimum at the begin of the Little 
Ice Age which was, in turn, coincident with the final escape of the Vikings from 
Greenland and the start of W-African colonialism by the Portuguese. 
To our knowledge, a possible relation between short-term climate variability and 
turbidite activity in modern submarine channel systems has not yet been proposed. 
Although the direct effect of Holocene climate mechanisms controlling atmosphere-
ocean interaction on turbidity currents may not be straight forward, the above findings 
do not result from a proxy study, but are, at high resolution, directly imprinted into 
marine sediments of an in many ways unique submarine meandering channel system. 
And, if there is a possible link between turbidity currents and short-term Holocene 
climate variability, and if processes of the Cap Timiris Canyon system are transferable 
to other modern turbidite systems, as prominent target for hydrocarbon exploration, 
these systems may be affected by near-future climate changes. 
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6.7  Supplementary 
 
Age model 
 
Age control is provided by nine accelerator mass spectrometer radiocarbon (AMS 14C) 
datings on monospecific samples of the planktonic foraminifer Globigerinoides ruber 
measured at the Leibniz Labor, Kiel University (Table 6.1). Assuming a conservative 
reservoir age of 500 ± 50 years, due to assumed upwelling of older subsurface waters in 
this region (cp. deMenocal et al., 2000a), radiocarbon ages are calibrated using 
CALIB 4.4.2 (Stuiver and Reimer, 1993). Calibrated ages were rounded to the nearest 
decade (Stuiver and Reimer, 1993). Dating strategy was 1) to calculate the sedi-
mentation rates for certain time intervals and 2) to determine the age of turbidite events 
precisely. Nameable erosion by the thin turbidites can clearly be excluded due to 
radiography observations and radiometric dating. Therefore, the hemipelagic 
‘background’ represents a continuous record. The turbidites are cut of the record to 
convert the original sample depths into corrected depths. 
 
Table 6.1: AMS radiocarbon datings of GeoB 8509-2. 
 
Sample 
depth  
(cm) 
Corrected 
sample depth 
(cm) 14C age (yr BP)
± 
Error Cal. age BP 1 σ cal. age BP δ 13C (‰) 
35 10 1060 35 550 516-585  0.69 ± 0.22 
110 44 2085 50 1540 1497-1591 -0.14 ± 0.25 
155 64.5 2795 60 2380 2322-2442  2.37 ± 0.32 
215 124.5 4345 50 4350 4301-4396 -2.80 ± 0.25 
305 193.5 7595 50 7950 7904-7999 -2.98 ± 0.37 
460 262.5 9385 155 9980 9822-10129 -3.18 ± 0.19 
515 317.5 9980 60 10410 10350-10467 -2.93 ± 0.24 
      120 10700 10580-10817   
720 375 10860 50 11780 11731-11829 -1.13 ± 0.29 
      205 12120 11908-12321   
881 454.5 11350 45 12690 12648-12738 -0.49 ± 0.28 
      80 12880 12798-12952   
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7. Canyon and channel systems along the Northwest and West African 
continental margin 
 
The Northwest African continental margin is one of the most intensively studied 
continental margins in the world, and the wide variety of sedimentary processes and 
deposits recognised in this area have contributed greatly to our understanding of deep-
water sedimentation (Wynn, 2000). Despite so well surveyed, there are still major gaps 
in our knowledge of features along the Northwest African continental margin as the 
most recently discovery of a huge submarine meandering channel system offshore the 
Sahara desert has shown. Our understanding of principal sedimentary processes with 
special regard to their trigger mechanisms is as well still limited especially those acting 
during the Holocene.  
 Active sediment transport in form of turbidity currents taking place in the Cap 
Timiris Canyon system is quiet unusual, since point sources as large rivers are recently 
missing. This additional chapter is added to emphasize its unique role of canyons along 
the Northwest African continental margin. Previous canyon studies have already shown 
that we can distinguish between meandering and non-meandering channel systems 
along the Northwest and West African continental margin (e.g., Khripounoff et al., 
2003; Kolla et al., 2001; Wynn et al., 2002). 
 However, before comparing various canyon-channel systems along the Northwest 
and West African continental margin, I would like to comment upon the use of the 
terms ‘canyons’ and ‘channels’. Canyons are generally V-shaped in profile and are 
often eroded into bedrock, whereas the term ‘channel’ defines the shallower and U-
shaped farther downslope parts of those systems. Channels often resemble subaerial 
river systems and may have depositional elements such as levees and aggradational 
floors. Deep-water channels occur in a variety of forms, from deep, narrow erosive 
channels to broad, shallow distributary channels (Weaver et al., 2000). Therefore, deep-
sea fans, as for instance the Amazon or Zaire deep-sea fan, are connected with the river 
mouth via a canyon incised in the continental shelf, which passes downslope into the 
channel. In the following ‘Agadir Canyon’ and ‘Cap Timiris Canyon’ are used as names 
describing these canyon-channel systems. 
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The Agadir Canyon  
The Agadir Canyon belongs to the Moroccan Turbidite System and lays at the edge of 
the northern Moroccan shelf offshore the Souss River, draining the Atlas Mountain 
hinterland (Wynn et al., 2002). The head of the Agadir Canyon is only 35 km from the 
river mouth, and the shelf edge is at about 100-150 m water depth (Ercilla et al., 1998). 
The Agadir Canyon is a non-meandering 460 km long channel system and its width 
varies between 5 and 15 km. This system is 600-1500 m deep and opens out onto the 
lower rise at a water depth of 4250 m before passing westward into the flat-lying Agadir 
Basin, a large depositional basin of about 38 000 km² (Ercilla et al., 1998). Slope angles 
are indicated with 2° and on the continental rise between 0.4° and 0.3° in the lower part 
of the continental rise (Wynn et al., 2002). 
 
The Cap Timiris Canyon 
The Cap Timiris Canyon is a 400-km-long and about 300 m deep submarine channel 
system offshore Mauritania. It appears to be the first channel system of this scale to be 
described from offshore a present-day hyper-arid desert region, without any evidence 
for a currently active drainage system in its hinterland. The upper part of this system 
consists of up to 150 m deep tributaries cutting back into the continental shelf and 
merge farther downslope into one main channel. The average canyon depth is 250-
300 m and it is generally 2 to 3 km wide, although the channel system widens up to 7.5 
km at two locations. The Cap Timiris Canyon is characterised by an alternation between 
relatively a straight channel pathway and highly meandering sections in the lower part 
of the system (Krastel et al., 2004; cp. Chapter 5). 
 
Zaire canyon and channel system 
The Zaire Canyon on the Congo-Angola passive continental margin is situated offshore 
the estuary mouth of the Zaire River. The Congo-Angola continental margin is affected 
by marked halokinetic deformations caused by diapirism. The meandering channel 
system extents 760 km from the river mouth to the abyssal plain (> 5100 m) downslope 
and via the canyon the Zaire fan has a permanent connection between the river mouth 
and the abyssal plain (Khripounoff et al., 2003). The Zaire River, together with the 
Niger River, are presently the main sediment supplier to the eastern South Atlantic 
Ocean (Jansen, 1985). Considering its huge drainage area, the Zaire River is ranked to 
be the second-largest river in the world and its deep-sea fan appears to be one of the 
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largest in the world still affected by turbidity current sedimentation (Babonneau et al, 
2002). Turbidity current activity of this channel system apparently correlates to periods 
of river floods during the recent sea-level highstand (Droz et al., 2003).  
 
 To summarize, first of all, the Cap Timiris Canyon appears to be the northernmost 
of all submarine meandering channel systems along the Northwest and West African 
continental margin. Moreover, meandering channel systems further south are connected 
to large drainage areas or rivers, while the Cap Timiris Canyon presently has no large 
rivers draining to the eastern Atlantic Ocean. In contrast the Agadir Canyon is a non-
meandering channel system draining the Atlas Mountain hinterland. Sediments from the 
Moroccan shelf are transported downslope unloading the slope. This channel system is 
multi source system and is additionally fed further downslope by volcaniclastic material 
from Canary Island slope failures (Wynn et al., 2002). Despite the drainage of the Atlas 
Mountains and a relatively high total amount of sediment discharge of Northwest 
African rivers, turbidity current activity in the Agadir Canyon is rather infrequent and is 
linked to sea-level changes (Wynn et al., 2002). The Zaire channel system is still active 
during current marine high stand due to the permanent connection between the channel 
system and its landward extension, the Zaire River (Khripounoff et al., 2003). However, 
the Cap Timiris Canyon, which has no active drainage system in the hinterland, shows 
turbidity current activity throughout the Holocene as well.  
 Therefore, the Cap Timiris channel system is unique to be the northernmost of 
submarine meandering channel systems along the Northwest and West African 
continental margin. Frequent turbidity current activity during the last deglaciation is 
linked to rapid sea-level rise. During the Holocene only turbidity flow frequency was 
reduced, but the system was still active, although evidences for a permanent connection 
to a river during this time interval are missing. A general fining in grain sizes of the 
terrigenous silt fraction (not shown in this thesis; own unpubl. results) might indicate a 
change in terrigenous input, which could be interpreted as fluvial supply, but since this 
fining trend in grain size is represented in the calcareous silt fraction as well, this rather 
appears to be a general change in flow regimes.  
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8. Summary, perspectives and open questions 
 
The previous chapters have shown that terrigenous sediment supply as well as gravity-
driven sediment transport offshore Northwest Africa is very sensitive to climate 
changes. Results from grain-size analysis of the terrigenous silt fraction indicate, that 
present-day terrigenous sediment supply across the land-sea boundary imprints a 
distinct regional pattern in marine deposits. Whereas fluvial discharge to the Atlantic 
ocean is presently restricted to the Moroccan continental margin north of 29°-30°N, 
south of this region, the terrigenous component of marine sediments is characterized by 
aeolian dust fallout.  
 An important insight on the hydrological cycle of Northwest Africa offers a 
continuous palaeoclimate reconstruction for the past 13.5 kyr from the fluvial-influ-
enced Moroccan continental margin. The sedimentary imprint in marine deposits of 
humid and dry periods leads back to the terrigenous sediment supply from the main 
drainage system of the Atlas Mountains. Local vegetation effects as known from 
onshore hydrological studies can be excluded. Thus, this high-resolution proxy-record 
definitely represents regional variation in Northwest African aridity during the 
Holocene. Superimposed on these Holocene fluctuations in Northwest African 
hydrological cycle, (sub-)millennial-scale recurring dry periods are documented in the 
sediments as well.  
  A similar variability is also imprinted into marine deposits from the Cap Timiris 
Canyon offshore Mauritania by (quasi-)periodically recurrent turbidity current activity 
during Holocene times. Although a direct effect of Holocene climate mechanisms on 
gravity-driven transport processes is not straight forward, rhythmically recurrent 
turbidity flows occur throughout the entire Holocene. Sedimentary proxy-records from 
the subtropical Atlantic Ocean as well as modelling studies have shown that climate 
conditions of Northwest Africa were changing with the onset of the Holocene warm 
period. Changes in Northwest African climate and therefore changes in terrigenous 
sediment supply and/or marine production are clearly documented in the hemipelagic 
‘background’ sediments of this record from the Cap Timiris Canyon. But, turbidites as 
well are characterized by these changes and show variations in sediment composition 
and in grain size. Moreover conspicuous is the (quasi-)periodic recurrence in mass 
transport of a ‘starved’ river system. 
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 Short-term climate variability during the Holocene became a very interesting topic 
only within the last few years. Various high-resolution palaeoclimate studies focus now 
on this geologically recent time interval, but they are mostly located in the subpolar 
North Atlantic Ocean. Only several detailed Holocene records exist for the subtropical 
North Atlantic. By studying Holocene climate variability, it becomes obvious that 
periodicities appear to differ in some hundred years, whereas discrepancies between 
distinct events, observed in many different proxy records all over the world, as for 
instance the 8.2-cold event, are mostly explained by dating uncertainties. This is 
certainly still a problem, which might concern our studies as well. Therefore, the 
correlation of events is often limited by stratigraphic framework of a record, which 
becomes all the more important on short timescales.  
 Up to now, many mechanisms appear to be unrealized. However, the question 
about the origin of processes or cyclicities, even if they are globally recorded, is not 
satisfactorily answered yet and evidences for plausible controlling processes are simply 
missing. Certainly, our studies on Holocene climate variability present one piece of a 
highly complex mosaic of ocean-atmosphere interaction that has to be compound.  
  Although in case of the Cap Timiris Canyon record, conventional forces to trigger 
mass transport can be excluded, climate-related coupling is still a speculative theory that 
has to be proved. Consequently, it is essential to test other turbidity current systems for 
their sensitivity to climate variability. However, it might be difficult to find other 
turbidite systems, whose activity is not masked by controlling processes which have an 
effect on slope stability through known principle mechanisms as for instance high 
sediment supply by discharging rivers. 
 Ongoing studies will focus on the shallow-water turbidite source area off 
Mauritania to identify potential trigger mechanisms for the Cap Timiris Canyon system. 
Hopefully, it will be possible to recover other high-resolution Holocene sediment 
records, providing information about climate variability and their regional 
interconnections, during Meteor-cruise M65 next summer. Moreover, future studies 
might concentrate on the potential onshore fluvial system as well to find indications for 
a cessation of the landside extension of the Cap Timiris Canyon system. 
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Appendix 
 
Table 1: Location of seabed samples, sediment texture and calculated end-member 
contributions (see Chapter 2). 
Sample Longitude Latitude 
Water 
Depth Cruise Sand Silt Clay EM1 EM2 EM3
GeoB (°W) (°N) (m)   (%) (%) (%) (%) (%) (%) 
4024-3 -13.43 27.68 95 VH 96/1 94.82 5.18 0.00    
4025-2 -13.49 27.75 496 VH 96/1 53.85 32.45 13.70 33.60 34.70 31.70
4026-1 -13.54 27.81 990 VH 96/1 13.99 53.07 32.94    
4029-2 -13.26 28.18 680 VH 96/1 53.12 36.93 9.96 37.80 39.90 22.30
4031-1 -13.19 28.13 100 VH 96/1 91.15 8.23 0.62    
4038-2 -13.04 28.68 695 VH 96/1 18.68 52.28 29.03 0.00 66.70 33.30
4040-2 -13.34 29.19 1000 VH 96/1 49.22 39.01 11.77 6.40 57.30 36.20
4057-2 -13.74 28.58 1000 VH 96/1 21.30 49.54 29.16 0.00 44.90 55.10
4060-2 -13.85 28.13 1000 VH 96/1 41.91 35.92 22.17 11.40 48.40 40.20
4210-2 -10.98 30.30 1959 M37/1 13.22 38.03 48.75 7.60 1.10 91.30
4212-3 -10.95 29.60 1256 M37/1 22.56 55.88 21.56    
4213-1 -11.08 29.70 1547 M37/1 37.07 31.63 31.29 8.10 19.50 72.50
4215-1 -11.25 30.04 2106 M37/1 51.26 25.04 23.70    
4216-2 -12.40 30.63 2325 M37/1 57.29 31.09 11.62    
4223-1 -12.47 29.02 777 M37/1 12.59 51.38 36.03 1.40 51.50 47.10
4225-3 -11.78 29.28 1281 M37/1 27.59 37.77 34.64 7.50 32.50 60.00
4226-1 -11.83 29.32 1400 M37/1 32.71 34.08 33.21 2.60 32.80 64.60
4228-1 -12.99 29.47 1633 M37/1 38.08 38.71 23.21    
4229-2 -12.64 29.18 1422 M37/1 26.47 47.36 26.17    
4230-1 -12.60 29.13 1316 M37/1 20.58 41.18 38.24 0.90 31.90 67.20
4231-2 -12.55 29.09 1197 M37/1 23.45 44.03 32.52    
4232-1 -13.39 29.02 1161 M37/1 35.51 40.15 24.34 6.80 39.30 53.90
4233-2 -13.33 28.98 1303 M37/1 25.30 46.13 28.57 2.20 33.10 64.70
4235-1 -13.19 28.86 1247 M37/1 17.27 44.48 38.26 1.20 31.70 67.00
4236-2 -13.10 28.78 1030 M37/1 19.25 44.32 36.43 0.10 44.50 55.50
4237-1 -13.02 28.73 800 M37/1 15.16 56.39 28.46    
4238-2 -13.64 28.45 1185 M37/1 25.22 42.16 32.62 0.80 43.90 55.30
4239-1 -13.18 28.49 881 M37/1 18.77 47.00 34.23 0.20 53.70 46.10
5529-1 -17.70 29.69 4166 M42/4 4.32 61.18 34.50 0.00 57.50 42.50
5531-1 -17.93 29.08 3301 M42/4 21.53 55.80 22.66 0.00 45.10 54.90
5532-2 -17.93 27.47 3150 M42/4 23.21 51.58 25.22 9.20 47.90 42.90
5533-1 -17.69 27.68 3251 M42/4 20.27 50.67 29.06 1.60 48.70 49.70
5534-2 -17.13 27.68 2832 M42/4 15.26 54.49 30.25 2.70 48.20 49.10
5535-1 -16.45 27.84 2690 M42/4 33.11 46.10 20.80 6.70 53.30 40.00
5536-3 -16.14 27.54 3456 M42/4 7.04 58.89 34.06 0.00 41.10 58.90
5537-2 -15.40 27.54 2362 M42/4 30.83 42.83 26.34 1.90 47.00 51.10
5538-2 -15.12 27.54 2537 M42/4 27.85 38.27 33.88 6.20 40.60 53.20
5539-2 -14.36 27.54 2202 M42/4 11.44 44.41 44.15    
5540-3 -14.18 27.54 2035 M42/4 7.85 44.33 47.83 6.90 27.80 65.30
5541-2 -14.00 27.54 1748 M42/4 6.96 49.13 43.91 4.90 31.90 63.20
5542-3 -13.85 27.54 1431 M42/4 8.19 45.50 46.31 0.40 37.30 62.30
5546-3 -13.74 27.54 1071 M42/4 6.24 63.02 30.73 2.00 55.70 42.30
5547-2 -13.71 27.76 1310 M42/4 7.64 49.17 43.19 3.90 27.80 68.40
5548-3 -13.52 27.99 1162 M42/4 8.11 54.80 37.09 0.00 39.10 60.90
5549-2 -13.70 27.98 1454 M42/4 11.58 46.19 42.22 4.30 32.60 63.10
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Continuation of Table 1 
Sample Longitude Latitude 
Water 
Depth Cruise Sand Silt Clay EM1 EM2 EM3
GeoB (°W) (°N) (m)   (%) (%) (%) (%) (%) (%) 
5550-3 -14.02 27.95 1738 M42/4 15.34 43.41 41.25 1.30 30.40 68.20
5551-2 -14.92 27.88 1885 M42/4 17.67 45.15 37.18 0.00 40.20 59.80
5553-2 -14.65 28.61 3397 M42/4 24.92 46.07 29.01 0.00 41.30 58.70
5555-2 -13.96 29.27 2837 M42/4 22.48 52.14 25.38 0.00 48.80 51.20
5556-3 -14.11 29.27 3170 M42/4 17.10 59.32 23.58 0.00 57.80 42.20
5557-2 -14.17 29.05 2949 M42/4 42.77 39.33 17.90 0.00 80.10 19.90
5558-2 -14.35 28.75 2471 M42/4 39.40 38.42 22.17 0.00 48.50 51.50
5559-1 -13.19 31.65 3178 M42/4 30.60 36.65 32.75    
5560-2 -13.12 31.61 3944 M42/4 32.92 32.07 35.01    
5561-1 -12.94 32.70 3500 M42/4 31.17 57.82 11.00 0.00 20.70 79.30
5565-3 -9.39 33.30 791 M42/5 23.58 43.91 32.51 5.10 16.10 78.80
5566-2 -9.61 33.27 2785 M42/6 9.92 42.12 47.96 5.90 0.00 94.10
6005-1 -10.90 30.88 1781 M45/5 5.94 44.34 49.71 2.90 0.00 97.10
6006-2 -10.63 30.87 1275 M45/5 9.90 49.40 40.70 1.90 8.90 89.10
6007-1 -10.27 30.85 899 M45/5 1.58 62.53 35.89 0.00 11.30 88.70
6008-2 -10.10 30.85 355 M45/5 0.46 42.36 57.17 0.00 18.20 81.80
6009-1 -10.28 30.68 579 M45/5 7.28 54.24 38.48 6.90 30.00 63.00
6010-1 -10.08 30.25 406 M45/5 56.97 34.98 8.05 73.40 9.70 17.00
6011-2 -10.29 30.32 993 M45/5 13.83 46.36 39.81 1.00 36.70 62.40
7408-2 -18.25 20.29 1935 POS272 18.48 55.01 26.51 8.90 75.60 15.50
7409-1 -18.02 20.39 1216 POS272 26.69 57.54 15.77 29.60 63.90 6.50 
7410-1 -18.85 20.45 643 POS272 52.43 38.17 9.40 59.80 35.90 4.30 
7413-2 -17.48 20,65 508 POS272 77.49 18.95 3.56 62.00 34.70 3.30 
7414-1 -18.00 20,72 1014 POS272 45.37 46.07 8.57 31.70 68.30 0.00 
7415-1 -18.26 20,81 1906 POS272 5.84 66.80 27.36    
7417-1 -17.48 21,80 726 POS272 69.86 22.17 7.96    
7418-1 -17.59 21.84 1150 POS272 26.89 54.08 19.03 37.90 54.70 7.40 
7419-1 -17.77 21,89 1537 POS272 9.24 62.15 28.62 8.90 75.60 15.50
7420-1 -16.79 24,17 676 POS272 48.53 35.77 15.70 28.20 53.10 18.80
7423-2 -17.07 24,34 1624 POS272 21.34 47.10 31.56 0.00 58.40 41.60
7424-1 -16.84 24.21 1063 POS272 53.17 32.91 13.92 30.70 59.70 9.70 
7425-2 -16.09 25.92 1810 POS272 25.28 47.02 27.70    
7426-1 -15.87 25.99 1487 POS272 76.69 20.20 3.10    
7427-1 -15.70 26.32 1101 POS272 26.17 53.21 20.63 11.80 68.20 20.00
7428-1 -15.48 26.11 918 POS272 49.59 33.70 16.71 6.60 76.30 17.10
7430-2 -15.15 26,38 1170 POS272 32.62 46.99 20.38 12.10 65.10 22.80
7431-1 -15.26 26.48 1951 POS272 25.77 45.17 29.05 0.00 57.00 43.00
16010-1 -16.37 25.28 1502 M60/39 38.26 44.39 17.35 12.90 63.60 23.50
16012-2 -16.24 25.79 811 M60/43 65.63 26.22 8.15 52.40 37.20 10.40
16015-1 -16.53 25.33 411 M60/49 93.13 6.87 0.00    
16016-1 -18.53 21.01 1476 M60/51 29.23 53.71 17.06 37.60 60.40 2.00 
16017-1 -17.80 21.45 794 M60/52 45.30 45.69 9.01 85.20 9.10 5.70 
16019-1 -17.69 21.25 509 M60/57 77.71 18.84 3.44 97.60 0.00 2.40 
16021-1 -17.25 17.33 1514 M60/64 27.53 45.16 27.31 3.60 76.90 19.40
16022-1 -16.76 17.30 415 M60/65 74.62 18.80 6.58 84.70 0.00 15.30
16024-1 -16.87 17.29 805 M60/69 36.97 47.56 15.47 58.90 33.80 7.30 
16025-1 -16.89 17.31 1190 M60/72 22.45 53.19 24.37 32.50 57.50 10.10
16028-1 -16.48 17.40 89 M60/77 84.60 10.85 4.54 20.30 73.10 6.60 
16029-1 -16.32 25.44 1202 M60/81 65.92 20.87 13.20    
16031-1 -17.94 21.24 1203 M60/84 44.91 43.46 11.64 55.20 38.40 6.50 
16035-1 -16.61 25.28 1222 M60/90 23.64 53.91 22.45 21.70 62.90 15.40
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Table 2: Calculated end-member grain-size distributions of the carbonate-free silt fraction of 
seabed samples offshore Northwest Africa (see Chapter 2). 
Grain size (µm) EM1 (wt.%) EM2 (wt.%) EM3 (wt.%)
1.89 0.13 0.14 1.26 
2.02 0.15 0.17 1.58 
2.17 0.17 0.13 1.98 
2.32 0.22 0.11 2.36 
2.49 0.23 0.07 2.71 
2.67 0.23 0.03 3.03 
2.86 0.24 0.02 3.3 
3.06 0.27 0 3.52 
3.28 0.23 0.05 3.68 
3.52 0.18 0.08 3.78 
3.77 0.12 0.14 3.84 
4.04 0.07 0.19 3.86 
4.33 0.04 0.25 3.87 
4.65 0.02 0.33 3.84 
4.98 0.03 0.36 3.84 
5.34 0.02 0.41 3.8 
5.72 0.02 0.51 3.73 
6.13 0.01 0.62 3.62 
6.57 0 0.79 3.47 
7.04 0 0.95 3.32 
7.55 0 1.13 3.19 
8.09 0.01 1.3 3.09 
8.67 0.04 1.48 3 
9.29 0.05 1.66 2.9 
9.96 0.09 1.92 2.78 
10.67 0.06 2.22 2.62 
11.44 0.03 2.58 2.43 
12.26 0.01 2.98 2.21 
13.14 0 3.36 1.99 
14.08 0.06 3.7 1.8 
15.09 0.18 4.04 1.63 
16.18 0.41 4.34 1.44 
17.34 0.71 4.6 1.25 
18.58 1.13 4.84 1.08 
19.92 1.62 5.06 0.87 
21.34 2.2 5.23 0.68 
22.88 2.85 5.34 0.49 
24.52 3.54 5.35 0.34 
26.28 4.27 5.26 0.21 
28.16 5.1 5.1 0.09 
30.19 5.92 4.79 0.03 
32.35 6.81 4.34 0 
34.67 7.64 3.78 0.02 
37.16 8.31 3.14 0.08 
39.83 8.73 2.49 0.12 
42.69 8.79 1.83 0.2 
45.75 8.51 1.28 0.24 
49.04 7.82 0.81 0.26 
52.56 6.93 0.48 0.28 
56.33 5.78 0.23 0.26 
60.37 0.01 0.01 0.01 
64.70 0.01 0.01 0.01 
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Table 3: Calculated end-member grain-size distributions of the carbonate-free silt fraction of 
sediment core GeoB 6007-2 offshore Cape Ghir, Morocco (see Chapter 3). 
Grain size µm EM1 (wt.%) EM2 (wt.%) EM3 (wt.%) 
0.72 0.01 0.01 0.01 
0.79 0.01 0.01 0.01 
0.87 0 1 3.57 
0.96 0.09 1.02 3.46 
1.05 0.17 1.05 3.36 
1.16 0.2 1.1 3.37 
1.27 0.21 1.15 3.38 
1.40 0.21 1.2 3.37 
1.53 0.23 1.25 3.37 
1.68 0.26 1.3 3.35 
1.85 0.28 1.37 3.37 
2.03 0.27 1.46 3.45 
2.23 0.26 1.57 3.54 
2.45 0.28 1.7 3.72 
2.69 0.34 1.86 3.91 
2.96 0.39 2.05 4.08 
3.25 0.43 2.27 4.24 
3.57 0.43 2.5 4.35 
3.92 0.47 2.72 4.41 
4.31 0.58 2.94 4.43 
4.73 0.78 3.14 4.32 
5.20 1.01 3.36 4.17 
5.71 1.27 3.6 3.95 
6.27 1.59 3.82 3.62 
6.89 1.94 4.04 3.31 
7.56 2.37 4.22 2.92 
8.31 2.88 4.37 2.5 
9.12 3.4 4.49 2.1 
10.02 3.92 4.5 1.67 
11.01 4.36 4.44 1.29 
12.09 4.72 4.31 0.95 
13.28 4.99 4.01 0.58 
14.59 5.25 3.7 0.31 
16.02 5.44 3.3 0.11 
17.60 5.5 2.83 0.01 
19.33 5.48 2.43 0 
21.24 5.31 2.01 0.05 
23.33 5.09 1.67 0.09 
25.62 4.83 1.4 0.13 
28.14 4.42 1.12 0.15 
30.91 4.06 0.93 0.16 
33.96 3.65 0.75 0.17 
37.30 3.17 0.58 0.15 
40.97 2.76 0.47 0.14 
45.00 2.3 0.36 0.12 
49.43 1.85 0.28 0.11 
54.29 1.47 0.21 0.11 
59.63 1.07 0.16 0.11 
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Table 4: Proportions of end members, wind intensity and continental aridity based on grain 
sizes of the carbonate-free silt fraction of core GeoB 6007-2 off Cape Ghir (see Chapter 3). 
Depth (cm) EM1 EM2 EM3 Aridity Wind intensity 
3 0.05 0.52 0.43 0.57 0.09 
8 0.07 0.76 0.17 0.83 0.08 
13 0.11 0.56 0.34 0.66 0.16 
18 0.09 0.38 0.53 0.47 0.19 
23 0.06 0.47 0.47 0.53 0.12 
28 0.05 0.53 0.43 0.57 0.08 
33 0.00 0.80 0.18 0.82 0.00 
38 0.12 0.35 0.53 0.47 0.26 
48 0.01 0.54 0.46 0.54 0.01 
53 0.06 0.39 0.55 0.45 0.13 
58 0.00 0.67 0.33 0.67 0.00 
63 0.10 0.29 0.61 0.39 0.26 
68 0.09 0.39 0.52 0.48 0.18 
73 0.38 0.26 0.37 0.63 0.59 
78 0.15 0.45 0.40 0.61 0.25 
83 0.16 0.66 0.19 0.81 0.19 
88 0.11 0.59 0.30 0.70 0.16 
93 0.19 0.43 0.37 0.63 0.31 
98 0.12 0.69 0.19 0.82 0.15 
103 0.31 0.29 0.40 0.60 0.52 
108 0.06 0.84 0.10 0.90 0.07 
113 0.33 0.24 0.43 0.57 0.58 
118 0.24 0.46 0.29 0.71 0.35 
123 0.31 0.32 0.37 0.63 0.50 
128 0.28 0.42 0.30 0.70 0.40 
133 0.29 0.40 0.31 0.69 0.42 
138 0.31 0.39 0.29 0.71 0.44 
143 0.36 0.33 0.32 0.69 0.52 
148 0.19 0.75 0.06 0.95 0.20 
153 0.34 0.42 0.25 0.75 0.45 
158 0.31 0.36 0.33 0.67 0.46 
163 0.22 0.42 0.36 0.65 0.35 
168 0.33 0.34 0.33 0.67 0.49 
173 0.41 0.30 0.29 0.71 0.58 
178 0.15 0.64 0.21 0.79 0.19 
183 0.26 0.45 0.29 0.71 0.36 
188 0.37 0.31 0.32 0.68 0.55 
193 0.21 0.44 0.36 0.65 0.32 
198 0.25 0.45 0.30 0.70 0.36 
203 0.25 0.43 0.32 0.68 0.37 
208 0.19 0.47 0.35 0.65 0.29 
213 0.14 0.52 0.35 0.65 0.21 
218 0.12 0.49 0.39 0.61 0.20 
223 0.37 0.37 0.26 0.74 0.50 
228 0.19 0.41 0.40 0.60 0.32 
233 0.14 0.45 0.40 0.60 0.24 
238 0.10 0.42 0.48 0.52 0.19 
243 0.18 0.32 0.50 0.50 0.36 
248 0.17 0.38 0.45 0.55 0.31 
253 0.10 0.49 0.42 0.58 0.17 
258 0.28 0.24 0.48 0.52 0.54 
263 0.19 0.56 0.25 0.75 0.25 
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Continuation of Table 4 
Depth (cm) EM1 EM2 EM3 Aridity Wind intensity 
268 0.26 0.34 0.40 0.60 0.43 
273 0.22 0.33 0.45 0.55 0.40 
278 0.23 0.34 0.43 0.57 0.40 
283 0.29 0.31 0.41 0.59 0.48 
288 0.22 0.44 0.35 0.66 0.33 
293 0.33 0.36 0.31 0.69 0.47 
298 0.30 0.33 0.37 0.63 0.48 
303 0.27 0.44 0.29 0.71 0.38 
308 0.30 0.28 0.42 0.58 0.52 
313 0.33 0.28 0.39 0.61 0.54 
318 0.24 0.43 0.34 0.66 0.36 
323 0.22 0.53 0.26 0.74 0.29 
328 0.19 0.55 0.26 0.74 0.25 
333 0.24 0.52 0.24 0.76 0.32 
338 0.39 0.35 0.26 0.74 0.53 
343 0.30 0.26 0.45 0.56 0.54 
348 0.23 0.48 0.29 0.71 0.32 
353 0.14 0.71 0.15 0.85 0.17 
358 0.21 0.53 0.26 0.74 0.28 
363 0.12 0.58 0.30 0.70 0.18 
368 0.15 0.47 0.38 0.62 0.24 
373 0.16 0.55 0.29 0.71 0.23 
378 0.18 0.45 0.38 0.63 0.29 
383 0.19 0.50 0.30 0.70 0.28 
388 0.32 0.39 0.28 0.72 0.45 
393 0.17 0.61 0.23 0.77 0.22 
398 0.25 0.53 0.22 0.78 0.32 
403 0.19 0.56 0.25 0.75 0.25 
408 0.20 0.52 0.28 0.73 0.28 
413 0.22 0.51 0.27 0.74 0.30 
418 0.29 0.43 0.28 0.72 0.41 
423 0.31 0.26 0.43 0.57 0.54 
428 0.37 0.14 0.50 0.50 0.73 
433 0.37 0.27 0.36 0.64 0.58 
438 0.32 0.27 0.40 0.60 0.54 
443 0.34 0.19 0.48 0.53 0.64 
448 0.38 0.20 0.42 0.58 0.65 
453 0.40 0.27 0.32 0.68 0.60 
458 0.30 0.32 0.39 0.61 0.48 
463 0.28 0.34 0.38 0.62 0.45 
468 0.24 0.47 0.30 0.70 0.34 
473 0.30 0.34 0.36 0.64 0.47 
478 0.34 0.26 0.39 0.61 0.57 
483 0.24 0.40 0.37 0.63 0.37 
488 0.23 0.42 0.35 0.65 0.35 
493 0.21 0.43 0.36 0.64 0.32 
498 0.27 0.55 0.18 0.82 0.33 
503 0.23 0.45 0.32 0.68 0.33 
508 0.30 0.38 0.32 0.68 0.44 
513 0.33 0.34 0.34 0.66 0.49 
518 0.41 0.32 0.27 0.73 0.56 
523 0.26 0.34 0.40 0.60 0.44 
528 0.30 0.42 0.29 0.71 0.42 
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Continuation of Table 4 
Depth (cm) EM1 EM2 EM3 Aridity Wind intensity 
533 0.26 0.34 0.40 0.60 0.44 
538 0.33 0.42 0.24 0.76 0.44 
543 0.13 0.63 0.24 0.76 0.17 
548 0.27 0.49 0.25 0.75 0.36 
553 0.27 0.41 0.32 0.68 0.39 
558 0.26 0.44 0.31 0.69 0.37 
563 0.25 0.48 0.27 0.73 0.34 
568 0.29 0.43 0.28 0.72 0.40 
573 0.16 0.58 0.26 0.74 0.22 
578 0.20 0.54 0.27 0.73 0.27 
583 0.26 0.51 0.23 0.77 0.34 
588 0.27 0.44 0.29 0.71 0.38 
593 0.20 0.53 0.28 0.72 0.27 
598 0.17 0.61 0.23 0.77 0.22 
603 0.13 0.72 0.15 0.85 0.15 
608 0.22 0.51 0.27 0.74 0.30 
613 0.27 0.51 0.22 0.78 0.34 
618 0.24 0.64 0.12 0.88 0.28 
623 0.27 0.46 0.27 0.73 0.36 
628 0.22 0.60 0.18 0.82 0.27 
633 0.28 0.52 0.20 0.80 0.35 
638 0.27 0.53 0.21 0.79 0.33 
643 0.42 0.40 0.19 0.82 0.51 
648 0.18 0.68 0.14 0.87 0.21 
653 0.08 0.81 0.11 0.89 0.09 
658 0.20 0.75 0.05 0.95 0.21 
663 0.23 0.50 0.28 0.72 0.31 
668 0.29 0.44 0.27 0.73 0.40 
673 0.19 0.59 0.22 0.79 0.25 
678 0.15 0.70 0.15 0.85 0.18 
683 0.24 0.63 0.13 0.87 0.28 
688 0.24 0.48 0.28 0.72 0.33 
693 0.03 0.80 0.18 0.82 0.03 
698 0.14 0.74 0.12 0.88 0.15 
703 0.11 0.72 0.17 0.83 0.13 
708 0.30 0.67 0.03 0.97 0.31 
713 0.17 0.71 0.12 0.88 0.20 
718 0.10 0.81 0.09 0.91 0.11 
723 0.40 0.30 0.31 0.69 0.57 
728 0.46 0.28 0.25 0.75 0.62 
733 0.28 0.51 0.21 0.80 0.36 
738 0.30 0.55 0.15 0.85 0.36 
743 0.24 0.67 0.09 0.91 0.27 
748 0.26 0.47 0.27 0.73 0.36 
753 0.29 0.57 0.14 0.86 0.33 
758 0.19 0.65 0.16 0.84 0.23 
763 0.35 0.41 0.24 0.76 0.46 
768 0.13 0.74 0.13 0.87 0.15 
773 0.26 0.38 0.35 0.65 0.41 
778 0.34 0.60 0.06 0.94 0.36 
783 0.24 0.70 0.06 0.94 0.26 
788 0.43 0.28 0.29 0.71 0.61 
793 0.50 0.24 0.25 0.75 0.67 
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Continuation of Table 4 
Depth (cm) EM1 EM2 EM3 Aridity Wind intensity 
798 0.36 0.41 0.23 0.77 0.47 
803 0.32 0.48 0.20 0.80 0.40 
808 0.47 0.28 0.26 0.75 0.62 
813 0.25 0.54 0.21 0.79 0.31 
818 0.11 0.71 0.19 0.81 0.13 
823 0.18 0.56 0.26 0.74 0.25 
828 0.33 0.40 0.27 0.73 0.45 
833 0.29 0.31 0.40 0.60 0.49 
838 0.36 0.41 0.22 0.78 0.47 
843 0.26 0.48 0.26 0.74 0.35 
848 0.33 0.34 0.34 0.67 0.49 
853 0.35 0.53 0.12 0.88 0.40 
858 0.27 0.42 0.31 0.69 0.39 
863 0.25 0.47 0.29 0.72 0.35 
868 0.14 0.73 0.14 0.87 0.16 
873 0.17 0.69 0.13 0.87 0.20 
878 0.32 0.54 0.14 0.86 0.37 
883 0.29 0.46 0.26 0.74 0.39 
888 0.19 0.58 0.23 0.77 0.24 
893 0.25 0.62 0.14 0.86 0.28 
898 0.28 0.46 0.26 0.74 0.38 
903 0.13 0.64 0.24 0.77 0.17 
908 0.06 0.86 0.08 0.92 0.07 
913 0.00 0.87 0.00 1.00 0.00 
918 0.14 0.84 0.02 0.98 0.14 
923 0.07 0.75 0.18 0.82 0.08 
928 0.10 0.63 0.27 0.73 0.14 
933 0.07 0.87 0.06 0.94 0.07 
938 0.14 0.72 0.14 0.86 0.16 
943 0.03 0.85 0.12 0.88 0.03 
948 0.20 0.76 0.04 0.96 0.20 
953 0.00 0.82 0.00 1.00 0.00 
958 0.18 0.81 0.02 0.99 0.18 
963 0.39 0.35 0.26 0.74 0.52 
968 0.00 0.83 0.00 1.00 0.00 
973 0.07 0.84 0.09 0.91 0.08 
978 0.09 0.79 0.12 0.88 0.10 
983 0.00 0.81 0.18 0.83 0.00 
988 0.05 0.88 0.07 0.93 0.06 
993 0.00 0.63 0.37 0.63 0.00 
998 0.28 0.66 0.05 0.95 0.30 
1003 0.13 0.77 0.10 0.90 0.15 
1008 0.07 0.77 0.16 0.84 0.09 
1013 0.08 0.89 0.03 0.97 0.08 
1018 0.00 0.77 0.23 0.77 0.01 
1023 0.18 0.72 0.10 0.90 0.20 
1028 0.31 0.23 0.46 0.54 0.58 
1033 0.23 0.51 0.26 0.74 0.31 
1038 0.31 0.47 0.23 0.77 0.40 
1043 0.22 0.60 0.18 0.82 0.26 
1048 0.34 0.00 0.42 0.58 1.00 
1053 0.51 0.20 0.28 0.72 0.72 
1058 0.53 0.13 0.34 0.66 0.80 
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Continuation of Table 4 
Depth (cm) EM1 EM2 EM3 Aridity Wind intensity
1063 0.59 0.11 0.30 0.70 0.85 
1068 0.49 0.14 0.37 0.63 0.78 
1073 0.51 0.11 0.37 0.63 0.82 
1078 0.33 0.33 0.33 0.67 0.50 
1083 0.34 0.44 0.22 0.78 0.43 
1088 0.36 0.22 0.42 0.58 0.62 
1093 0.28 0.52 0.20 0.80 0.35 
1098 0.19 0.58 0.23 0.77 0.25 
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Table 5: Sediment texture and carbonate content of the hemipelagic sequences of sediment core 
GeoB 8509-2 from the Cap Timiris Canyon (see Chapter 6). 
Sample depth (cm) Rescaled depth (cm) Sand (wt.%) Silt (wt.%) Clay (wt.%) CaCO3 (wt.%) 
5 5 4.52 54.01 41.47 37.38 
35 10 6.19 40.65 53.17 32.11 
45 20 6.24 42.30 51.46 33.50 
55 30 4.83 46.06 49.10 38.58 
105 39 6.90 37.88 55.22 34.34 
115 49 4.95 41.91 53.14 37.68 
120 54 n.d. n.d. n.d. 40.17 
125 59 5.43 43.17 51.40 40.13 
155 64.5 7.17 33.59 59.24 36.30 
165 74.5 7.63 34.72 57.65 37.70 
175 84.5 6.83 33.52 59.65 37.57 
185 94.5 6.43 33.56 60.01 38.86 
190 99.5 n.d. n.d. n.d. 40.48 
195 104.5 4.99 36.46 58.55 41.68 
200 109.5 n.d. n.d. n.d. 42.82 
205 114.5 7.21 32.00 60.79 39.98 
215 124.5 7.63 32.24 60.12 41.33 
220 129.5 n.d. n.d. n.d. 44.75 
225 134.5 7.40 33.78 58.81 44.02 
230 139.5 n.d. n.d. n.d. 46.47 
235 144.5 7.15 35.26 57.59 46.89 
245 154.5 7.80 37.61 54.60 48.25 
255 164.5 7.96 38.11 53.93 48.58 
265 174.5 8.29 36.37 55.34 47.65 
295 183.5 11.98 35.32 52.70 52.46 
305 193.5 11.28 38.57 50.15 54.99 
315 194.5 6.37 48.35 45.29 59.08 
325 204.5 12.05 44.12 43.84 56.85 
335 214.5 14.99 49.72 35.29 60.86 
345 224.5 9.83 49.17 40.99 58.18 
365 233.5 7.40 47.73 44.88 59.03 
415 239.5 9.23 48.49 42.29 62.26 
425 249.5 5.04 49.48 45.48 59.90 
435 259.5 3.63 54.35 42.02 62.53 
465 267.5 3.21 55.19 41.60 63.74 
475 277.5 2.35 55.66 41.99 65.04 
485 287.5 4.89 51.59 43.52 60.40 
495 297.5 5.84 50.07 44.10 57.84 
505 307.5 10.47 43.33 46.20 47.45 
515 317.5 8.67 35.95 55.38 42.10 
555 320.5 11.20 43.56 45.24 43.69 
595 332.5 12.52 59.26 28.22 39.52 
615 344.5 3.37 57.03 39.60 40.13 
625 354.5 3.05 55.83 41.12 40.58 
645 365.5 2.76 63.43 33.81 41.18 
715 373.5 8.47 61.19 30.34 39.96 
725 380 2.86 64.46 32.68 40.72 
735 390 1.11 57.97 40.92 43.39 
745 400 2.32 57.52 40.16 40.42 
755 407 1.90 58.01 40.10 41.42 
765 417 3.37 57.30 39.32 40.33 
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Continuation of Table 5 
Sample depth (cm) Rescaled depth (cm) Sand (wt.%) Silt (wt.%) Clay (wt.%) CaCO3 (wt.%) 
775 427 2.87 59.57 37.55 40.48 
825 433.5 3.76 57.19 39.05 38.85 
885 458.5 8.55 54.28 37.17 34.09 
895 468.5 4.06 53.22 42.72 44.56 
900 473.5 1.87 54.42 43.71 44.40 
 
